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Abstract: During the winter of 2019, the global outbreak of COVID-19 prompted extensive research
on urban air pollution under lockdown measures. However, these studies predominantly focused
on winter conditions, thereby limiting investigations into changes in urban air pollutants during
other seasons that were also subject to lockdown restrictions. Shanghai, China, has undergone two
COVID-19 lockdown periods in two seasons: winter 2019 and spring 2022. The seasonal variations
and human activities were represented by meteorological factors and nighttime light brightness in this
paper, respectively. The reduction in human-related emissions during the two lockdown periods was
estimated based on the targets outlined in China’s Air Pollution Prevention and Control Action Plan.
The results showed significant reductions in NO, and PM particles during the two lockdown periods,
both accompanied by a notable increase in O3 concentration. In comparison to the winter lockdown,
there was an approximate 40% decrease in the NO, and PM; 5 concentrations in the spring, while
the O3 concentration exhibited an increase of 48.81%. Furthermore, due to shifting wind patterns
during the two lockdowns from winter to spring, the high-pollution core areas shifted 20-25 km
southeastward in the spring. The PM particles and NO; concentrations exhibited a considerable
impact from human activities, whereas the O3 concentration was affected mostly by seasonal change
and interactions among air pollutants. Compared to the corresponding non-lockdown condition, the
concentration of CO decreased during the winter lockdown; however, it increased during the spring
lockdown. The different change in CO concentration during the two lockdown periods was found to
have a lower effect on the O3 concentration than that caused by changes in meteorological factors and
nitrogen oxide (NO, NO,) concentrations. In summary, the impact of COVID-19 lockdown periods
on urban air pollutants was more pronounced in spring compared to winter, and the interactions
among air pollutants also underwent alterations.

Keywords: COVID-19 lockdown; air pollutants; Shanghai, China; seasonal change; human activities

1. Introduction

The problem of air pollution occurred after the industrial revolution [1]. Currently,
over 80% of the global population is exposed to polluted air [2], with PM; 5 concentrations
even exceeding the minimum safe value of 10 ug-m~3 stated by the World Health Organi-
zation. In China, the complex topography, diverse climate zones, and unbalanced economic
development exacerbate the complexity of air pollution control [3,4], which has become a
huge challenge in urban areas since the 21st century. According to the data reported by
the Ministry of Ecology and Environment of China, 85-90% of the air pollutants in China
are particulate matter (PMy) particles. Currently, the six primary air pollutants routinely
monitored in China are PM, 5, PM;g, O3, SO,, NO,, and CO [5].

The concentrations of air pollutants in China have gradually decreased since the
implementation of China’s Air Pollution Prevention and Control Action Plan in September
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2013 [4,6]. The concentrations of pollutants rapidly decreased by 30-60% in the early part
of 2020 due to the lockdown during the Corona Virus Disease 2019 (COVID-19) pandemic.
COVID-19 broke out in Wuhan, China, and quickly swept across the world, and the ensuing
worldwide lockdown promoted a remarkable reduction in human-related emissions and
improved the air quality [7,8], especially in urban areas. The COVID-19 lockdown provided
an important opportunity for studying urban air pollution.

The worldwide decreasing trends in air pollutants during the COVID-19 lockdown in
the winter of 2019 have been verified based on observation data and numerical models, and
the values in various places were slightly different. During the lockdown, large declines in
the concentrations of nitrogen oxide (NO and NO;) and PM particles (PM; 5 and PM;() were
observed [9], and the concentration of O3 increased. Due to the reduction in the nitrogen
oxide concentration, the titration effect of NO on O3 weakened, so the O3 concentration
exceeded the standard and was greater than that of PM; 5, and thus, O3 became the main
air pollutant during the COVID-19 lockdown [10]. Due to the reduction in vehicle usage
during the lockdown, the concentrations of PM;, 5 and PMjg in Los Angeles, CA, USA,
decreased by about 17% [11], which was much less than the decrease in Suzhou, China [10],
showing that the air pollution caused by human activities was more serious in the latter.
In addition, in China, the concentration of SO; in Suzhou increased by 1.5% during the
lockdown, while it exhibited a significant decrease of about 20% in Beijing, similar to the
changes in the NO, and PM; 5 concentrations [12].

The lockdown mainly affected human activities, which can be represented by the
nighttime light brightness. It was found that the lights dimmed in 82% of the populated
areas in China during the winter COVID-19 lockdown, and the decrease in India reached
87% [13]. In Wuhan, China, the light brightness in the evening after the COVID-19 lock-
down ended was still lower than that before the pandemic [14]. In China, the reduction in
air pollution caused by the lockdown was consistent with the aim of China’s Air Pollution
Prevention and Control Action Plan, so the estimated air pollution reduction during the
lockdown period could be achieved by meeting this plan. For example, the estimated con-
centrations of air pollutants in Beijing were greatly reduced during the period of COVID-19,
which was consistent with the true values; however, it was also estimated that the O3
concentration greatly decreased [12]. The estimated O3 concentration was not accurate;
that is, the actual increase in O3 during the lockdown in Beijing was not directly associated
with human activities.

Many studies have been conducted on urban air pollution during the COVID-19
lockdown in the winter of 2019, but it is well known that COVID-19 did not stop at the
beginning of 2020. With the development of the epidemic, the COVID-19 lockdown still
sporadically continued in some regions of the world and probably happened in different
seasons in the same areas. However, the urban air pollution differences under seasonal
lockdown have not been studied, and the comprehensive impact of meteorological condi-
tions and the lockdown has never been considered. Two such seasonal lockdown periods
occurred in Shanghai, one of the largest cities in China, in the winter of 2019 and the spring
of 2022. This provides a rare opportunity to study the seasonal variation of urban air pollu-
tants under lockdown conditions. Under identical lockdown conditions, the disparity in air
pollution between winter and spring was attributed to meteorological factors [15] as well as
interactions among air pollutants [10,16,17]. It showed that the average temperature during
the spring lockdown period in 2022 reached 18.69 °C, which was 11.74 °C higher than that
during the winter lockdown period in 2019, and the monthly precipitation was 72.00 mm
higher during the spring lockdown period. Enhanced solar radiation and precipitation play
a favorable role in dispersing and diluting air pollutants such as PM; 5, whereas higher
temperatures facilitate the accumulation of O3 [18,19]. Simultaneously, Shanghai exhibits
a typical monsoon climate, necessitating the analysis of spatial variations in air pollution
due to wind speed and direction changes [20]. Considering the lockdown conditions, this
paper focuses on comparing the alterations in air pollutants during two distinct seasons.
The aim is to elucidate the quantitative values and mechanisms of changes in urban air



Atmosphere 2024, 15, 443

30f17

pollutants that are associated with human activities and meteorological factors, as well
as interactions among air pollutants. The research holds significant implications for the
analysis and mitigation of urban air pollution.

2. Data and Methods
2.1. Study Area

Shanghai, located at the southeast end of the Yangtze River delta of China
(30°40" N-31°53" N, 120°52" E-122°12" E) with an average altitude of 2.19 m, is one of
the most active areas for economic development, which leads to the diverse sources of
air pollution, such as urban construction, transportation, industrial production, and straw
burning in agricultural production, being very complex. Moreover, the flat terrain of Shang-
hai is also in the transition zone of China’s southern and northern climates, indicating the
accumulation of pollutants that are not easy to spread. In recent years, researchers have
found that the main pollutants in Shanghai’s air are PM; 5, PMjy, NO,, and O3, which
are mainly particulate pollutants in autumn and winter, and O3 pollution in spring and
summer [21]. Moreover, the 30-day lockdown in the winter of 2019, the new COVID-19
lockdown lasted 64 days in Shanghai from 28 March to 31 May 2022. The lockdowns would
change the air pollution patterns in Shanghai.

Figure 1 shows the overview of Shanghai, indicating the location of Shanghai in China
(Figure 1a), neighboring provinces of Shanghai and their distributions of urban, rural, and
industrial land, which are classified as land designated for human activities (Figure 1b), as
well as Shanghai’s distributions of urban, rural, and industrial land as well as atmospheric
environment monitoring stations (Figure 1c), and the administrative districts and the
distribution of COVID-19 infections (per km?) in the spring of 2022 in Shanghai (Figure 1d).
As can be seen from Figure 1, the 9 districts (shown as blue box areas in Figure 1d), i.e.,
the main urban area in Shanghai, are the main human activity areas, major COVID-19
infection areas, and also have dense atmospheric environment monitoring stations. This
main urban area has often been the core area of air pollution in Shanghai [22]. For the
neighboring provinces of Jiangsu, Anhui, and Zhejiang, they are indeed the areas that affect
Shanghai’s air pollution [23,24], which can also be seen from the distributions of land for
human activities in these provinces (Figure 1b).
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Figure 1. The overview map of Shanghai, China. There are four figures here. (a) is the administrative
map of China, in which a small pink area means Shanghai, and its neighboring provinces are colored:
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Jiangsu province in green, Anhui province in yellow, and Zhejiang province in blue. (b) shows
an enlarged view of these three neighboring provinces and their distributions of urban, rural, and
industrial land, that is, the land mainly for human activities (the land use data was from the Chinese
Academy of Sciences: https://www.resdc.cn/data.aspx?DATAID=360, accessed on 10 December
2023). The areas for human activities in Zhejiang, Anhui, and Jiangsu account for 9.38%, 10.09%,
and 19.06% of the total areas of the corresponding provinces, respectively. (c) shows Shanghai’s
distributions of urban, rural and industrial land and atmospheric environment monitoring stations.
The symbol “-” in (c) represents the locations of the stations, totaling 19 in Shanghai. The area for
human activities accounts for 43.02% of the whole of Shanghai. The overlap between the monitoring
stations and areas of high human activity is evident in (c), as depicted in the blue box area in
(d), encompassing 9 administrative regions including Baoshan, Jingan, Hongkou, Yangpu, Putuo,
Changning, Huangpu, Xuhui, and Minhang, represented with letters L, ], , K, E E, N, M, and O,
respectively, and the proportions of the land for human activities in each district are more than 43.02%.
The letters A-P in (d) means the names of Shanghai’s 16 administrative districts (see the legend on the
bottom in Figure 1). (d) shows the map of Shanghai’s administrative districts, with colors showing
the distribution of COVID-19 infection density in spring 2022, i.e., the number of infections in one
square kilometer the unit is 10*/km?. The darker the color, the more people infected (the sum of the
symptomatic and the asymptomatic); see the legend on the lower left. There were more than 60,000
confirmed cases and more than 540,000 asymptomatic infected people in this period.

2.2. Data
2.2.1. Data for the Air Quality Index and Six Air Pollutants

The hourly air quality index (AQI) values and the concentrations of six air pollutants
were obtained from the website of the China National Environmental Monitoring Center
(https://106.37.208.233:20035/, accessed on 12 December 2022). The ArcGIS software
(version 10.8) was employed to process the daily data into monthly data with a spatial
resolution of 0.1° x 0.1° grids, and the spatiotemporal changes in the concentrations of the
pollutants in winter and spring in Shanghai during the background and after and before
lockdown periods were analyzed.

2.2.2. Nighttime Light Brightness

The nighttime light brightness data, which reflect human activities, were obtained from
the National Polar-Orbiting Partnership-Visible Infrared Imaging Radiometer Suite (NPP-
VIIRS) product provided by the National Aeronautics and Space Administration (NASA)
(https:/ /eogdata.mines.edu/download_dnb_composites. Html, accessed on 22 January 2023).
Clipping was performed using the ArcGIS tool with the research area as a mask. The
nighttime light brightness values in the various regions and time periods were obtained,
and the changes in the brightness samples in Shanghai during the after and before lockdown
periods were observed.

2.2.3. Seasonal Meteorological Data

The historical meteorological data for Shanghai were from Songjiang Station in Shang-
hai (https://data.cma.cn/, accessed on 22 November 2022), with an hourly temporal
resolution. To analyze the influence of the seasonal meteorological differences in winter
and spring on the concentrations of air pollutants, we took the historical data for the
same period during the winter and spring lockdown periods and calculated the daily
mean values to represent the meteorological conditions, which include the air temperature,
precipitation, wind speed, and wind directions. Here, wind direction and speed were
represented by wind-roses diagrams to analyze the impact of monsoon changes on the
spatial distribution of air pollutants under winter and spring lockdowns in Shanghai. The
wind-rose diagrams showed 16 directions of wind, as well as the occurrence probabilities
and wind speeds.
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2.3. Methods
2.3.1. Estimation of Human-Related Emission Reduction of Air Pollution during
Lockdown Periods

In China, the Air Pollution Prevention and Control Action Plan was implemented
in 2013. Its aim is to reduce emissions of air pollutants associated with human activ-
ities, which are consistent with the results of the urban lockdown. Thus, the effect of
human-related emission reduction during the lockdown periods was estimated using
Equations (1) and (2) [12], taking the spring lockdown in 2022 as an example.

02022BF
02022AF estimation = —————— X 02021AF 1)
02021BF
P2022AF AER = P2021AF — P2022AF estimation )
where % in Equation (1) is the ratio of the air pollutant concentration during the BF

period in 2022 (p2022pr) to that during the same period in 2021 (p20215F). This ratio was seen
as the anthropogenic emission reduction factor for 2022 compared with 2021. When multi-
plied by the concentration in 2021 at the same period as the AF in 2022, recording as p01AF,
it can predict the air pollutant value during the AF period in 2022, i.e., 02022 AF estimation-
In Equation (2), pao224F AER is the anthropogenic emission reduction (AER) estimation
during the AF period in 2022. The estimating method during the winter lockdown in 2019
is similar.

2.3.2. The Statistical Methods in Analysis

For the AQI and air pollutants’ spatial distributions, we used kernel density analy-
sis [23] to generate a continuous density surface from 16 discrete observation stations by
interpolation, so as to express the spatial clustering or spatial distribution pattern of air
pollutants and AQI in Shanghai.

For the time processing of AQI and air pollutants data, we used the statistical method
of Mann—Kendall trend test, which is one of the more effective methods applied in trend
detection analysis [24]. The test is a nonparametric statistical test that does not require the
sample to obey a certain distribution, is not disturbed by a few outliers, has a high degree
of quantification, and has a wide detection range.

The Pearson correlation coefficient is employed to quantify the relationship between
AQI and air pollutants, with values ranging from —1 to 1. A correlation coefficient closer
to 1 or —1 indicates a stronger association, while a value closer to 0 suggests a weaker
connection. In this study, we analyze the Pearson correlation coefficients between AQI and
air pollutants during winter and spring lockdown periods as a foundation for investigating
their interaction changes.

We called the Python scikit-learn library to construct a linear regression model for com-
puting the coefficient of determination R? [25] between the daily average meteorological fac-
tor values and the corresponding daily average air pollutant concentrations. A value closer
to 1 indicates a stronger correlation, while proximity to 0 suggests a weaker correlation.

2.3.3. Specific Period Setting

We are already familiar with the COVID-19 lockdown in winter in China, and a new
round of strict lockdown periods was from 28 March to 31 May 2022, in Shanghai. In this
paper, based on changes in the air pollutants during the lockdown in the winter of 2019,
the spring lockdown period in 2022 was taken as the main study period for comparing
the seasonal changes in six air pollutants. For the purpose of comparison, both lockdown
processes were implemented in three distinct time periods, i.e., the same historical period
as the lockdown (the background period, i.e., the BG), the lockdown period (after lockdown
period, i.e., the AF), and the previous month period before the lockdown (before lockdown,
i.e., the BF). The AF, BF, and BG details in the winter and spring are shown in Table 1.
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Table 1. The corresponding dates of AF, BF, and BG of the winter and spring lockdown periods.

Period Winter Lockdown Spring Lockdown
AF From 26 January to 25 February 2020 From 28 March to 31 May 2022
BF From 25 December 2019 to 25 January 2020 From 26 February to 27 March 2022
BG From 26 January to 25 February for 2016-2019 ~ From 28 March to 31 May for 20172021 except 2020
3. Results

3.1. Differences in Spatiotemporal Characteristics of Air Pollutants during COVID-19 Lockdown
Periods in Winter and Spring

Figure 2 shows the air pollutant concentrations during the BG, BF, and AF periods
in spring 2022 in Shanghai. Compared to the BG period, the AQI value decreased from
61.17 to 43.55, with a decline of 28.80%. Among the six primary air pollutants, the decline
in the NO; concentration was the most significant, followed by the concentrations of PM1g
and PM, 5. The rates of decrease were as follows: NO, (58.14%) > PMy (42.31%) > PM, 5
(38.50%) > SO, (21.77%). The CO concentration increased. Compared to the BF period, the
AQI value decreased by 17.25% during the AF period, and NO; still exhibited the largest
decline. The rates of decrease were as follows: NO, (29.12%) > PMyg (23.66%) > PM, 5
(10.54%). In addition to the concentration of CO, the SO, concentration also increased
slightly. The O3 concentration significantly increased during the AF period, and it was
16.60% and 33.76% higher than that during the BG and BF periods, respectively.
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Figure 2. The AQI values and concentrations of air pollutants during the BG, BF, and AF periods
in the spring of 2022. The AQI values and concentrations of PMj 5, PMjg, SOz, NO,, O3, and CO
are represented by blue, orange, gray, green, pink, yellow, and red, respectively, and there are three
values in each group. Take the AQI values as an example; the first one from the left represents the
AQI value during the BG period, followed by those during the BF and AF periods. In the figure, “x”

”

indicates the mean value, and “-” is the median value.

The details of the AQI and air pollutants during the winter and spring lockdowns are
presented in Table 2. Based on the values in the first four rows of Table 2, the trends of the
AQI, PM; 5, PMjj, and NO, were completely consistent during the two AF periods, and
they decreased compared to those during the corresponding BG and BF periods (the change
rate columns in Table 2), with the rates of decrease being about 20-60%. During the two
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lockdown periods, the AQI, PM; 5, PMjg, and NO; values (the AF period column in Table 2)
in spring were all lower than those in winter, with rates of decrease of 19.84%, 40.92%,
7.00%, and 36.43%, respectively. This led to the fact that during the spring lockdown, the
AQI value decreased to 43.55, i.e., an excellent grade of air quality according to the Chinese
standard of grading per 50. In contrast, the changes in the O3, SO,, and CO concentrations
were different (last three columns in Table 2). Compared to the corresponding BG and BF
periods (change rate column in Table 2), both the spring and winter lockdowns resulted
in increases in O3. Additionally, the spring lockdown led to a slight increase in the CO
concentration, with a lower rate of increase compared to that of O3. However, during the
winter lockdown, the CO concentration decreased. The change in the SO, concentration
was complex. Compared to the BF and BG periods, the lockdown resulted in a general
reduction in SO,; however, this impact was weaker during spring. Compared to the BG
period, the rates of decrease of the SO, concentration were 58.92% during the winter AF
period and 21.77% during the spring AF period, with an unexpected increase of 10.53%
during the spring lockdown compared to the spring BF period. During the two lockdown
periods, the concentrations of O3, SO;, and CO increased in spring (the AF period column
in Table 2), and O3 exhibited the highest increase, which was 48.81% higher than that
during winter.

Table 2. The AQI values and the concentrations of air pollutants during the two lockdown periods

in Shanghai.
Variables Winter Spring Winter Spring Winter Spring Difference * Winter Spring Winter Spring
(AF vs. BG) (AF vs. BF)

AQI 73.88 61.17 72.61 52.63 54.33 43.55 —-10.78 0647%  —28.79%  —2518%  —17.24%
PMy5 (ug-m~3) 51.23 35.99 52.42 29.58 37.46 2213 —15.33 —26.88%  —38.50%  —28.55%  —25.19%
PMjg (ng-m~3) 66.79 58.96 44.82 54.65 36.56 34.01 —2.55 —4527%  —42.31% —18.44%  —37.76%
NO, (ug-m?) 39.55 39.27 49.94 31.67 27.09 17.22 —9.87 —31.52%  —56.14% —45.76%  —45.61%
SO, (ug-m~3) 14.80 8.20 6.90 5.81 6.08 6.42 0.34 —5892%  —21.77% —11.89%  10.53%
CO (mg-m~3) 0.84 0.65 0.83 0.66 0.66 0.74 0.08 —21.42%  13.85% -20.92%  12.12%

O3 (ng'm™3) 53.34 88.11 43.14 76.81 69.04 102.74 33.7 29.44% 16.60% 60.05% 33.76%

Note: the difference * in Table 2 means the values during the AF period in spring minus those during the AF
period in winter. All the AQI values and the concentrations of air pollutants refer to average values during the
corresponding periods; the specific time period is shown in Table 1.

The spatial distributions of the AQI and air pollutant concentrations are depicted in
Figure 3. By comparing the two AQI values during the AF period, it was found that the
implementation of the lockdown in spring (1st row and 3rd column in Figure 3) led to a
displacement of the high-valued core area from the main urban area (see the nine districts
shown as blue boxes in Figure 1d) toward the southeastern part of the Pudong New District
in Shanghai. The NO,, PM; 5, and PMjy concentrations also exhibited this displacement.
Combined with Figure 1c, it was shown that the main urban area of Shanghai was the area
with high levels of human activity; however, the two COVID-19 lockdowns both resulted
in the most significant reductions in AQI and concentrations of PM; 5, PM;g, and NO,
observed in this area (Figure 3). Regarding the spring conditions (first three columns in
Figure 3), there was a more pronounced decline in the AQI, NO;, and SO, values in the
western region of Shanghai (indicated approximately by the black dashed line in the AQI
distribution figure during spring AF) compared to those observed during the BG and BF
periods, and there was even a slight increase in the SO, concentration within the Pudong
New District during the AF period compared to the BF period.
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Figure 3. Spatial distribution of AQI values and concentrations of six primary pollutants in Shanghai.
The first three columns, from left to right, mean: BG period, BF period, and AF period in spring 2022,
respectively; the last one shows the distribution during the AF period in the winter of 2019. Each row
from top to bottom means the distribution of AQI, PMj; 5, PM1g, SOy, NO,, O3, and CO, respectively.
The units for PM, 5, PM1g, SO,, NO,, and O3 are ug~m_3 ;COis mg~m_3

3.2. Quantitative Assessment of the Impact of Human Activities on Air Pollution during the
COVID-19 Lockdown Period

3.2.1. Nighttime Light Brightness and Air Pollutants during the Two AF Periods

The distribution of the nighttime light brightness difference between the AF and BF pe-
riods during the two lockdown periods is shown in Figure 4. It can be seen that the decline
in the maximum areas was concentrated in the main urban areas such as Changning, Xuhui,
and Huangpu districts, with values of —3 cm~2-sr!-grid ! and —5cm~2-sr !-grid 1. In
these areas, the decline area was smaller during the winter lockdown (Figure 4a) than
during the spring lockdown (Figure 4b). The average urban nighttime light brightness de-
creased by about 2 cm~2-sr~!-grid~! during the two AF periods, indicating that a decrease
in human activities occurred during the two lockdown periods.
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Figure 4. Nighttime light brightness differences between AF and BF periods during the two lockdown
periods. (a,b) show the different distribution during the lockdown period in the winter of 2019 and
the spring of 2022, respectively. Unit: cm2-sr~!.grid !, the grid unit is 0.1° x 0.1°.

As mentioned above, the NO; and PM particle concentrations decreased the fastest
during the two AF periods, which was closely related to the decrease in human-related
emissions from mobile sources. The difference in the nighttime light brightness data
between the AF and BF periods was compared with the difference in the NO;, between
the AF and BF periods, as well as the difference in the PM; 5 concentration (Table 3). The
results suggested that the decline in the nighttime light brightness was quite consistent
with the decreases in the NO, and PM; 5 concentrations. In both the winter and spring
lockdown periods, the decline in nighttime light brightness exhibited a positive correlation
with the decreases in the decline of NO, and PM, 5 concentrations, with R? values of about
0.4 in 16 districts in Shanghai.

Table 3. The nighttime light brightness difference between AF and BF periods compared with the
corresponding PMj; 5 (and NO;) concentration differences in Shanghai.

Nighttime Light Brightness Difference

(cm~2-sr~1.grid 1) PM; 5 (ug-m~3) NO; (ug-m—3)

winter spring winter spring winter spring
—1.56 —5.07 —13.65 —17.16 —21.68 —25.19
—4.53 —3.82 —17.23 —6.28 —22.11 —28.22
—2.42 —2.14 —18.76 —14.80 —25.67 -17.17
—6.77 —3.25 —17.80 —7.92 —22.71 —17.57
—8.49 —2.79 —18.63 —12.85 —22.60 —23.12
—4.02 —5.24 —18.53 —15.04 —23.35 —20.02
—4.57 -1.70 —16.03 —8.54 —25.51 —21.86
—2.56 —3.46 —15.20 —16.97 —12.10 —10.27
—4.23 —0.93 —11.50 —6.68 —30.20 —8.13
—2.63 —0.94 —-10.10 —8.90 —24.30 —22.13
—0.65 -1.10 —14.60 —7.34 —19.96 —12.09

0.28 —0.08 —4.20 —3.68 —5.15 —4.26
-0.19 —0.62 —6.53 —6.96 —14.40 —14.82
-0.72 —0.53 —18.23 —7.16 —24.80 —15.19
—0.14 —0.99 —6.80 —7.65 —7.80 —8.65
—0.07 —0.15 —11.56 —11.64 —-8.01 —6.09

3.2.2. Estimation of Human-Related Emission Reduction during the Two
Lockdown Periods

The estimates of the human-related emission reduction during the AF periods in
spring 2022 and winter 2019 in Shanghai are presented in Table 4. The local emission
estimates exhibit a good correlation with the actual air pollutant concentrations, with fitting
coefficients of 0.96 and 0.99 for spring and winter, respectively. The estimated reductions
in human-related PM; 5, PM;o, and NO; emissions during the two lockdown periods
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exhibit positive trends, indicating an immediate effect on the decreases in these three
air pollutants due to reduced anthropogenic activities. However, an increase in the Os
concentration was observed during both lockdown periods, suggesting that it was not
solely produced by human activities or had little direct correlation with them. Consequently,
a reduction in O3 emissions related to human activities could not be achieved. Nevertheless,
the specific impacts of the lockdowns on the above four air pollutants varied in the two
different seasons. For instance, the estimated increase in the O3 concentration was more
significant during the spring lockdown than that during the winter lockdown, with the
values of human-related emission reduction being —6.29 pg-m~3 and -17.71 ug-m~2 in
winter and spring (Table 4), respectively, and the anthropogenic PM; 5 emission reduction
was also larger in the spring lockdown than that in the winter lockdown. This variation
may be attributed to factors such as seasonal differences between winter and spring or
mutual interactions among the air pollutants. For SO, and CO, the anthropogenic emission
reduction exhibited a positive trend during the winter lockdown and a negative trend
during the spring lockdown, and the difference change was more significant for SO, during
the two lockdown periods than that of CO.

Table 4. Estimates of human-related emission reduction during the two lockdown periods

in Shanghai.
PM, 5 PMy SO, NO, O3 CO
Local emission estimates winter 39.42 35.37 4.89 29.78 65.63 0.72
(ug-m*3) spring 25.50 51.10 7.62 23.71 97.63 0.72
Human-related emission reduction winter 2.36 14.34 1.45 5.56 —6.29 0.02
(ug~m’3) * spring 5.72 6.72 —-1.13 5.54 —-17.71 —0.05
Rate of change ** winter —23.10% —45.84% —49.99% —37.76% 11.44% —2.41%
& spring —48.50% —46.21% 9.60% —38.54% 39.81% 9.97%

Note: * “Human-related emission reduction” comes from Equation (2). ** “Rate of change” refers to the variation
between estimated values during the AF period and the observed values during the corresponding same period
in the previous year. Except the unit of CO is mg-m~3, the rest of the air pollutants are pug-m~3.

In Table 4, under the same lockdown scenario, the estimation of the anthropogenic NO,
emission reduction was highly consistent in winter and spring, with an average decrease
of 5.55 ug-m~3 (about 38% compared to the corresponding period in the previous year).
Similarly, the PMj( concentration exhibited a similar rate of decrease of about 45% during
the winter and spring AF periods. These findings suggest that of all the six air pollutants,
NO; and PM;y were primarily driven by human activities and minimally influenced by
seasonal variations.

3.3. Impact of Seasonal Differences on Air Pollution during the Two COVID-19 Lockdown Periods

To investigate the impact of meteorological variations from winter to spring on the air
pollutant changes in Shanghai, the scatter plot in Figure 5 depicts the correlation between
the daily mean temperature and average daily levels of PM; 5 (and O3) in Shanghai during
the non-lockdown winter and spring periods in 2021. It is evident that the PM, 5 concen-
tration decreased slightly with increasing temperature from winter to spring (R? = 0.23),
while the O3 concentration increased significantly with increasing temperature (R? = 0.71).
Based on Figure 5, it was calculated that for every 1 °C increase in temperature, there
was an associated decrease of 1.01 pg-m’g' in the PM, 5 concentration and an increase of
2.80 pg-m~2 in the O3 concentration.
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Figure 5. Daily mean temperature and PM; 5 (O3) scatter plots from winter to spring in Shanghai,
covering the period from 26 January to 25 February (winter) and 28 March to 31 May 2021 (spring). A
total of 96 fitting points were generated for the relationship between average daily temperature and
PM; 5 (O3) concentration. The trend line of the relationship between temperature and Oj is a dotted
line, and that between temperature and PMj 5 is a real line. Air temperature is measured in °C, while
PM, 5 and O3 concentrations are measured in ug-m_3.

The spatial distribution of air pollution during the two lockdown periods in winter
and spring was also influenced by meteorological factors. Compared to the non-lockdown
conditions, during both AF periods, the air pollution cores shifted from the primary urban
area (shown as blue box area in Figure 1d) toward the Pudong New District to the east (as
depicted in Figure 3 for the change from BF, BG to AF), which was closely associated with
Shanghai’s typical monsoon climate, indicating the changes in wind patterns. The wind-
rose diagram for the two lockdown periods is shown in Figure 6. It has been known that
there was a relatively high concentration of inland air pollution in the adjacent provinces,
such as Jiangsu and Anhui (Figure 1b) [23]. During winter and early spring (Figure 6a),
air pollution occurred east of Shanghai (the AF period in winter, Figure 3), mostly due
to northwestward airflow diffusion with wind speeds exceeding 4.5 m/s that brought
the air pollutants from Jiangsu and Anhui and thereabout, combined with the flat terrain
in Shanghai.

(a)Winter (b)Spring
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Figure 6. The wind-rose diagram for the two lockdown periods in winter 2019 (a) and spring 2022 (b).

However, compared to the locations of the core areas with high AQI, PM;(, and NO,
values during the AF period in winter (Figure 3), the corresponding core areas shifted
approximately 20-25 km southeastward during the AF period in spring, which was also
attributed to changes in the wind direction caused by the monsoons (Figure 6b). The
southward winds appeared in spring, with low wind speeds of 1-2 m/s, and transported
pollutants originating in the neighboring province of Zhejiang (Figure 1b) toward the
southern regions of Shanghai, resulting in their accumulation in the southern part of the
city [24], while Zhejiang remained in non-lockdown conditions at this time. The southward
shift in the air pollution core in spring may be related to the easterly wind from the sea.
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Shanghai is a coastal city in the eastern part of China. The eastern regions in Figure 6b
exhibited a relatively weak eastward wind component (mostly less than 1 m/s), which was
also due to the monsoon climate. Studies have shown that the proportion of Shanghai’s
air pollution caused by the plumes of ships is significantly greater in spring than that in
winter [20], indicating that the contribution of ships to the total PM; 5 concentration within
tens of kilometers of Shanghai’s coastal area reached 20-30% (2-7 pg-m~2) in spring, and
this was also the core area of the AQI during the spring lockdown in 2022.

In summary, the weak eastward component may have transported air pollutants from
the sea, which then accumulated in the eastern part of Shanghai. Together with the air
pollution from Zhejiang Province transported by the south wind component, this caused
the southeast shift of the core area of air pollution during the spring lockdown period
compared with the condition in the period of winter lockdown.

3.4. Interplay of Air Pollutants during the Two COVID-19 Lockdown Periods

The Pearson correlation coefficients of the AQI and six primary pollutants are pre-
sented in Table 5. It indicated that there were no obvious disparities in the two seasons. The
AQI exhibited a strong correlation with each pollutant (p < 0.01). The highest correlations
were between the AQI and the PM particles (PMy 5, PM;g) concentrations during both
seasons (r > 0.8, p < 0.01), while the weakest correlations were between the AQI and the O;
concentration. The PM; 5 concentration exhibited high positive correlations (p < 0.01) with
all of the air pollutants, except Os.

Table 5. Pearson correlation coefficients among air pollutants and AQI during the two lockdown

periods in Shanghai.
Season AQI PM2_5 PMlg SOZ NOZ 03 cO
Winter 1
AQL Spring 1
Winter 0.98 ** 1
PMzs Spring  0.82* 1
PMy, Winter ~ 0.84 ** 0.78 ** 1
Spring ~ 0.89 ** 0.55 ** 1
S0, Winter  0.46 ** 0.49 ** 0.41** 1
Spring ~ 0.34** 0.39 ** 0.31 ** 1
NO Winter ~ 0.52** 0.56 ** 0.47 ** 0.59 ** 1
2 Spring  043*  057*  031*  039* 1
o Winter  026*  —-027* 031*  —-0.02* —036* 1
3 Spring  0.15**  —-0.03*  0.17** 0.28 ** —0.26 ** 1
Winter ~ 0.74** 0.78 ** 0.65 ** 0.44 ** 0.55 ** —0.52 ** 1
co Spring ~ 0.45** 0.66 ** 0.27 ** 0.27 ** 0.51 ** —0.13 ** 1

Note:”**” and “*” mean results at levels 0.01 and 0.05 (two-tailed), respectively. All correlation coefficients in
Table 5 were calculated from the daily mean values of AQI and air pollutants.

During the two lockdown periods, there was a significant negative correlation between
the O3 concentrations and the NO, and CO (p < 0.01) concentrations (Table 2). Similar
findings have been reported in other studies on COVID-19 lockdowns, such as those con-
ducted in the Yangtze River Delta region of China [10] and Vienna, Austria [16]. It should
be noticed that NO and NO, play crucial roles in both the production and consumption of
O3 within the atmospheric boundary layer. Equation (3) expresses the dissociation reaction
of 03.

NO + 03 — NO, + O, (3)

It is also called the titration reaction of O3 [26]. This led to an increase in O3 due to
the significant decreases in nitrogen oxides concentrations (NO and NO,) during both
AF periods.
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The relationship between CO and O3 is relatively complex. CO and nitrogen oxides
are common precursors of O3, and the chain reaction during the process of O3 generation
in the troposphere is as follows [17]:

CO+OH — CO, +H 4)
H+NO; +M —- HO, + M 5)
HO; + NO — NO, + OH 6)

NO; + hv — NO + O @)

0+0,+M—03+M (8)

It should be noted that the reaction (6) competes with the reaction in Equation (9) and
thus prevents the loss of ozone [17].

HO; + O3 — OH + 20, (9)

Comparing Equations (6), (7), and (9), it can be seen clearly that the contribution of
CO as an ozone precursor depends on the concentration of nitrogen oxides (NO, NO,).
During the COVID-19 lockdown period, the nitrogen oxides exhibited the most significant
reductions, thereby rendering Equation (9) dominant. Consequently, the reaction between
CO and hydroxide radicals (OH) (Equation (4)) during the lockdown periods would
decrease the O3 concentration in the troposphere. As the concentration of CO decreased
during the lockdown period, the O3 concentration would increase. This process occurred
during the winter lockdown in Shanghai (the CO concentration decreased, during the
winter lockdown as shown in Table 2). However, under the same lockdown conditions in
Shanghai, the concentration of CO in spring lockdown increased (Table 2). It is known that
the CO concentration is primarily influenced by human activities [27], and this increase
during the spring lockdown period can be attributed to the transmission of airflow from
the surrounding areas that were not under lockdown. Consequently, it is expected that
there should have been a reduction in the O3 concentration during the spring lockdown
period because of the increase in the CO concentration. However, this did not occur; the O3
concentration increased more significantly during the spring lockdown than in the winter.
This suggests that the impact of CO on O3 may have been considerably less significant than
both the seasonal warming effects experienced in spring and the reduction in the nitrogen
oxide titration effect.

4. Discussions and Conclusions
4.1. Discussions

Compared to the countrywide COVID-19 lockdown in the winter of 2019, the spatial
scope of the lockdown in the spring of 2022 was limited to Shanghai. However, with the
transition from winter to spring, there was a significant change in weather conditions. This
aspect is worth studying for comparison purposes. The findings across different seasons
exhibit similarities that can be directly attributed to the lockdown itself. For instance,
during the two COVID-19 lockdown periods in Shanghai, China, both showed a substantial
decrease in NO,, PM; 5, and PMj( concentrations, while showing a significant increase
in O3 concentration [9,15,28,29]. These observations indicated that the lockdown had a
pronounced inhibitory effect on the NO,, PM; 5, and PM;y concentrations which mostly
originated from urban mobile sources. Table 5 revealed that the correlation coefficients
between PM; 5 and NO,, SO, exhibit smaller magnitudes compared to those between
PM, 5 and PMy, particularly regarding the correlation coefficients between PM; 5 and
50,, which fell below 0.5 during both seasons. This observation suggests that although
these air pollutants primarily originate from anthropogenic activities, their sources are
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not identical or even diverse. Undoubtedly, the contribution of automobile exhaust to
NO, and PMj; 5 is universally acknowledged, while SO, predominantly emanates from
stationary sources such as factories and power plants [30]. Furthermore, intricate chemical
relationships exist among air pollutants, which further complicates regional air pollution
research. For the concentration of O3, the reduced nitrogen oxide emissions contributed to
increasing its levels through the titration effect [26,29,31]. In fact, a significant increase in
O3 concentrations occurred throughout China during the COVID-19 lockdown period in
the winter of 2019.

In terms of the lockdown, it restricts human activities. The findings in this paper
demonstrated that, regardless of winter or spring, the lockdown rapidly and significantly
decreased concentrations of NO,, PMy 5, and PMyg. Therefore, understanding the impact
of human activities on these pollutants was crucial. To simulate emission reductions
resulting from human activities, we adopted an approach based on China’s Air Pollution
Prevention and Control Plan [32], whose results aligned with observations during lockdown
periods [12], with R? values exceeding 0.95 for both lockdown periods in this paper. Some
COVID-19-related studies often used concentration differences before and after lockdown
to assess their influence on air pollutants [33,34]. Additionally, various machine learning
algorithms were frequently used to estimate the human-related impact on air pollutants [35].
These investigations consistently conclude that nitrogen oxides and particulate matter are
most affected by human activities—key factors influencing changes in AQI levels—all of
these which are consistent with the conclusions in this paper. According to the harmonic
model [36], it was found that COVID-19 lockdown measures had significantly reduced
nitrogen oxide levels, while long term implementation of China’s air pollution prevention
and control plan primarily accounted for decreases in PM particles, SO,, and CO levels.

However, distinct numerical differences in air pollutant concentrations were observed
during different seasons under lockdown measures in Shanghai. The PM;5 and NO,
concentrations were lower in the spring compared to that of in winter, while the O3
concentration increased more in the spring. These findings align with a previous study
that highlighted the influence of seasonal variations on air pollutants [37], especially for
changes in temperature, wind, humidity, etc. The alteration of these meteorological factors
will not only impact the concentration levels of air pollutants but also influence their spatial
distribution patterns. For instance, this study revealed that during the lockdown period in
Shanghai, there was a southeastward shift of approximately 20-25 km in the core of high
pollution areas from winter to spring, which can be attributed to changes in wind patterns.

Specifically, the O3 concentration during the spring lockdown significantly increased to
102.74 ug-m~3, surpassing both the value of 69.04 j1g-m 2 recorded in Shanghai during the
winter lockdown and the value of 85.30 ug-m~3 measured in Suzhou [10]. Interestingly, this
contradicts the decreasing trend of the O3 concentration observed in Taiwan and China [38].
Some researchers have suggested a potential link between the decreased PM particles’
concentrations and the increased O3 concentration [39]. Although our results support
this notion based on Shanghai data, we did not find any explicit internal relationship
between these variables within our study. We determined a strong correlation between
the increase in O3 and the rise in temperature from winter to spring, with each 1 °C
increment resulting in a corresponding increase of 2.80pug-m > in the O3 concentration.
However, when compared to winter conditions, the warming-induced increase in O3
was found to be only 32.09%, which was smaller than the increase of 48.81% during
the lockdown periods from winter to spring. Hence, while rising temperatures play a
significant role in augmenting O3 concentration, it is necessary to consider other factors
such as lockdown measures and interactions among air pollutants that may vary across
seasons. For instance, it was observed that there was a decrease in the CO concentration
during the winter lockdown in Shanghai, but an increase occurred during the spring
lockdown period. As one of the precursors for O3, the impact of CO on O3 depends on
nitrogen oxide concentrations [17,40,41]. However, no matter how the CO concentrations
changed during lockdown periods, the O3 concentration increased, implying a relatively
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weak influence of CO on O3 dynamics. The findings suggest that O3 exhibited greater
sensitivity to variations in geographical regions and meteorological conditions; it was also
influenced by the presence of air pollutants themselves.

Since the implementation of the Air Pollution Prevention and Control Action Plan in
September 2013, nationwide levels of SO, CO, NO,, and PM; 5 have witnessed a decrease.
However, in VOC-sensitive areas, reducing NO and NO; levels or increasing VOC levels
may exacerbate ozone pollution. Additionally, under hotter and drier meteorological con-
ditions, ozone concentrations tend to increase [42]. Research indicates that China’s average
O3 levels surpass the global average, with an increased frequency of high Os levels [43].
Notably, significant O3 pollution is observed in the Yangtze River Delta region due to ele-
vated emissions of ozone precursors. Recent studies have revealed that O3 has surpassed
PMj; 5 as the primary local air pollutant source in Shanghai [44], thus emphasizing the need
for focusing on O3 treatment as a novel approach towards addressing air pollution issues.

4.2. Conclusions

The air pollution variations in Shanghai during the winter and spring lockdowns
exhibited similarities. No matter what season it was, the NO,, PM, 5, and PM;( concentra-
tions were reduced significantly and immediately through lockdown measures. However,
lockdown measures did not directly influence the O3 concentration; rather, they indirectly
affected the O3 concentration by reducing titration effects and decreasing nitrogen oxide
emissions. For the spatial distribution, the areas with high concentrations of air pollutants
shifted eastward toward the Pudong New District in the two lockdown periods.

However, the air pollution variations during the winter and the spring lockdowns
exhibited disparities. The change trend of the air pollutants was more pronounced during
spring lockdown period: the PM; 5 and NO; concentrations both decreased more signif-
icantly, while the O3 concentration exhibited a more substantial increase. Additionally,
the pollution center shifted slightly southeastward in spring from that in winter. These
alterations were due to changes in rising temperatures, increasing precipitation, and shifts
in wind patterns. Notably, these changes were not solely caused by individual factors of
meteorological or lockdown measures, and they resulted from the comprehensive impact
of these factors, including the mutual influence of the air pollutants themselves, which
also varied seasonally. The different change in CO concentration during the two lockdown
periods was found to have a lower effect on the O3 concentration than that caused by
changes in meteorological factors and nitrogen oxide (NO, NO,) concentrations, while the
effect of nitrogen oxide titration on O3 was consistent across the two lockdown periods.
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