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Abstract: Although the lockdown policy implemented during the COVID-19 pandemic indeed
improved the air quality and reduced the related health risks, the real effects of the lockdown and
its resulting health risks remain unclear considering the effects of unobserved confounders and
the longstanding efforts of the government regarding air pollution. We compared air pollution
between the lockdown period and the period before the lockdown using a difference-in-differences
(DID) model and estimated the mortality burden caused by the number of deaths related to air
pollution changes. The NO, and CO concentrations during the lockdown period (17 days) declined
by 8.94 ug/ m? (relative change: 16.94%; 95% CI: 3.71, 14.16) and 0.20 mg/ m? (relative change: 16.95%;
95% CI: 0.04, 0.35) on an average day, respectively, and O3 increased by 8.41 ug/ m? (relative change:
32.80%; 95% CI: 4.39, 12.43); no meaningful impacts of the lockdown policy on the PM; 5, PMyg, SO,
or the AQI values were observed. Based on the three clearly changed air pollutants, the lockdown
policy prevented 8.22 (95% CI: 3.97, 12.49) all-cause deaths. Our findings suggest that the overall
excess deaths caused by air pollution during the lockdown period declined. It is beneficial for human
health when strict control measures, such as upgrading industry structure and promoting green
transportation, are taken to reduce emissions, especially in cities with serious air pollution in China,
such as Shijiazhuang.

Keywords: lockdown policy; air pollution; difference-in-differences; health risk

1. Introduction

The severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) pandemic iden-
tified in 2019 (COVID-19) was reported to have caused 144,358,956 confirmed cases of
coronavirus disease worldwide by 24 April 2021 [1]. The pandemic has changed almost
every aspect of life worldwide. As asymptomatic infections play an important role in the
spread of COVID-19 [2], many countries have adopted a series of restrictive measures to
address the spread of the virus by implementing lockdown policies such as closing schools,
workplaces, and public transport.

Some good news about the COVID-19 pandemic is that it has been reported that lock-
down policies have positive implications for the environment. The air quality parameters of
PM; 5, PMjp, NOy, CO, and SO, improved in many parts of the world during the lockdown
period [3-5]. However, the concentrations of O3 were reported to have increased during
the same period [3,5,6]. Lockdown policies have provided an opportunity to quantitatively
evaluate the public health impacts resulting from resisting public transportation, closing
factories, and balancing health and financial losses.

Although previous studies have shown improvements in air pollution during the
lockdown period, these changes measured during the lockdown period could not represent
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the effect of the lockdown well because of confounders such as secular trends and weather
influences [7,8]. Previous studies have assessed the health effects associated with air
pollution during the Asia—Pacific Economic Cooperation (APEC) [9] and the 2015 China
large-scale military parade periods [10], and one possible problem faced in these studies, as
well as recent studies [11,12] during COVID, is a bias against the real effects of policies on
air pollutants. The difference-in-differences (DID) model has been widely used to evaluate
given interventions. A previous study applied a self-control DID method to evaluate the
changes of air pollutants during the lockdown period [13]. This study tentatively used a
DID analysis as an empirical strategy to explore the causal impacts of the lockdown policy
on air pollutants; this analysis allowed us to control for omitted variables. We used the
DID estimation technique to evaluate six air pollutants and the AQI during the lockdown
period. To the best of our knowledge, this is the first study to use a case—control DID
evaluation to calculate the health risks related to policy effects.

An outbreak of the COVID-19 pandemic occurred in Shijiazhuang, China, in January
of 2021, and Shijiazhuang strictly implemented a city lockdown policy from 6 January [14]
until 23 January [15]; this policy included closing workplaces, public transport and external
transport with other cities, restricting gatherings, etc. This study assessed the changes
in air pollution and related health risks that occurred during the lockdown period in
Shijiazhuang based on a DID method.

2. Materials and Methods
2.1. Site Information of Air Pollutant Concentrations

Shijiazhuang and Baoding are relatively close in space. According to the statistical
yearbooks of the two cities, the energy consumption patterns and high-emission industries
shared similar levels between two cities, making these cities suitable for comparison. Based
on the two reasons above, we finally chose Baoding as the control group in the DID
model. There were eight air pollution monitoring sites in Shijiazhuang and six air pollution
monitoring sites in Baoding; these sites were updated hourly.

2.2. Air Pollution and Weather Data

The city-level daily concentrations of six pollutants (SO, NO,, CO, PM;g, PM; 5, and
O3) and the AQI for Shijiazhuang and Baoding of Hebei Province of China were collected
from the daily air quality readings of the China National Environmental Monitoring Centre
(CNEMC), obtained from local monitoring stations from December 20, 2020, to January 22,
2021. Since changes in pollutants are also often controlled by meteorological conditions [16],
daily weather variables, including the daily average temperature, mean relative https:
/ /www.ogimet.com [humidity, and daily average wind speed, were also added to the
model as covariables for analysis. Although precipitation removes air pollutants, no
precipitation occurred in either city, and precipitation was not included in the analysis. All
meteorological data were downloaded from the Synop stations and are available at accessd
on 25 February 2021].

We compared the daily mean concentrations of six pollutants and the AQI values
in different periods of lockdown (before and during) using the Wilcoxon test due to the
non-normal distribution of pollutant data.

2.3. Baseline Number of Outcome Events

We assumed that the size of the baseline population changed minimally during the
lockdown period. According to the Statistical Bulletin of National Economic and Social
Development of Shijiazhuang [17], there were 10.39 million residents in Shijiazhuang at the
time this study was performed. Based on an overall annual mortality rate of 5.2 individuals
per thousand, the daily mortality count would be 148. According to a previous study [18],
among the overall mortalities, the proportions of cardiovascular mortality and respiratory
mortality were 43.74% and 12.32%, respectively, so it was estimated that there were approx-
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imately 65 and 18 deaths from cardiovascular and respiratory diseases, respectively, each
day in Shijiazhuang.

2.4. DID Model

Although there have been many studies indicating the association of city lockdowns
with improved air pollution, a key challenge is the endogeneity of city lockdowns originat-
ing from various confounding factors that potentially affect air pollution. One confounding
factor is that the government has expended efforts to protect the environment, so the
impact of the lockdown policy would be overestimated if we directly compared the two
periods before and after the lockdown. To explore the realistic effect of the lockdown policy,
we employed DID models. The DID models allowed us to control for various confounding
factors and to identify the potential causal impacts of lockdown measures. Cities without
lockdown policies, such as Baoding, can serve as counterfactuals and provide a reference
level with which to study Shijiazhuang. We estimated the relative changes in air pollution
levels between Shijiazhuang and Baoding using the following model (1):

Yit = B x lockdown;; +a X Ziy + uj + 0t + €4 1

where Y;  represents the level of air pollution in city i on date t; lockdown; ; denotes whether a
lockdown is enforced in city i on date t and takes the value of 1 if the city is locked down; Z;
are the control variables, including the daily average temperature, mean relative humidity,
and daily average wind speed; u; indicates city fixed effects; v; indicates date fixed effects;
g ¢ is a disturbance term; & and p are the response parameters of the dependent variable.

We explored the effects of the lockdown policy using this DID model and evaluated
the all-cause, cardiovascular, and respiratory disease deaths attributed to three distinct
variations in pollutants.

2.5. Estimation of the Mortality Effects of a Unit Change in Daily Pollutant Concentrations

Previous studies have reported that the relationship between air pollutants and mor-
tality is approximately linear without obvious threshold [19,20]. The exposure-response
relationship is widely used to evaluate the health impact by many researchers [9,21]. In
this study, the health impact assessment was conducted based on the exposure-response
function and relevant baseline data about population size, baseline mortality, and changes
in air pollution concentrations after calculating from the DID model. The numbers of
avoided or increased deaths were attributed to the changes in pollutant concentrations
based on the following formulas:

Anumber_of_mortality = baseline_mortality x B x APC 2)
Alower_limit_'rtumber_of_morifalit‘y = buSEZine_mortality X ﬁlower x APC (3)
Aupper_limit_number_of_martality = baseline_mortality X ,Bupper x APC (4)

where Anumber_of _mortality is the estimated change in the number of deaths, § is the coef-
ficient of the exposure-response function associated with daily pollutant concentration (per
1 ug/m3 change) and mortality, and APC is the change in ambient pollutant concentrations.

To better evaluate the short-term health effects of air pollutants, we preferentially inte-
grated the domestic studies as 3 [9,22-24] considering the susceptibility in different populations.

We obtained the all-cause mortality excess risk, cardiovascular mortality, and respira-
tory mortality from previously published time-series studies conducted in China on the
three main kinds of pollutants (NO,, CO, O3); these pollutants were confirmed to signifi-
cantly change through the DID process. According to a previous study [22], a 10 pg/m?3
increase in the daily NO, concentration in China would lead to a 0.65% (95% CI: 0.50%,
0.80%) increase in all-cause mortality, a 0.60% (95% CI: 0.41%, 0.79%) increase in cardio-
vascular mortality, and a 0.73% (95% CI: 0.46%, 1.00%) increase in respiratory mortality.
Another study [18] of NO, and linked mortality in China came up with some estimations
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and related health assessment could be found in supplement material. The estimates of
the short-term associations among O3, CO, and all-cause, cardiovascular, and respiratory
disease-related mortality are shown in Table 1.

Table 1. The association between daily NO,, CO, and O3 concentrations and mortality obtained from previous studies

in China.
Study Study Period Daily Increment Death Cause B2 (95% CI)
All-cause mortality 0.65% (0.50%, 0.80%)
NO, b Li, 2021 [23] 2013-2017 10 ug/m3 CVD mortality 0.60% (0.41%, 0.79%)
Respiratory mortality 0.73% (0.46%, 1.00%)
All-cause mortality NA
CcO Liu, 2018 [18] 2013-2015 1 mg/m3 CVD mortality 1.12% (0.42%, 1.83%)
Respiratory mortality NA
All-cause mortality 0.42% (0.32%, 0.52%)
O3 Yan, 2013 [24] meta-analysis 10 ug/ m3 CVD mortality 0.44% (0.17%, 0.70%)
Respiratory mortality 0.50% (0.22%, 0.77%)

2 B and its 95% ClI refer to coefficients and corresponding 95% CI for the association between daily increment of air pollutants and mortality.
b Chen et al. [24] reported association between NO, and related mortality in 2018 as well; related health impact assessment can be found in
Supplementary Material Table S1.

2.6. Sensitivity Analysis

To test the validity of the DID estimate, we randomly moved up the time at which the
lockdown policy was implemented in Shijiazhuang and checked if the coefficient estimate
was significant.

All data analyses were conducted by R software (version 4.0.1, RStudio Team, Boston,
MA, USA), the DID model was built by the “plm” package, and the level of significance
was defined as p < 0.05 (two-tailed).

3. Results
3.1. Comparisons of Air Pollution Concentrations in Different Periods

After calculating the median and IQR concentrations of the AQI and pollutants, which
are shown in Table 2, significant changes (p < 0.05) in NO;, O3, and SO, were found in
both Shijiazhuang and Baoding. The median concentration of NO, was 21.90 (IQR = 12.99)
ng/m3 during the lockdown days, while the median concentration of NO, before the
lockdown in Shijiazhuang was 55.01 (IQR = 26.48) ug/m?3. Although NO, decreased in
both Shijiazhuang and Baoding during the lockdown period, it seems that the decline in
Shijiazhuang was even greater than that in Baoding. SO, showed the same behavior as
NO,. Os increased in both cities during the lockdown time. In contrast, CO in Shijiazhuang
decreased significantly compared to that in Baoding.

3.2. DID Results

When controlling for weather variables (temperature, relative humidity, and wind
speed), individual fixed effects, and time fixed effects, we estimated the relative changes
in air pollutants and the AQI in Shijiazhuang relative to those in Baoding by fitting the
DID model (Table 3). We found that the lockdown policy did improve the NO, and CO
situations, and the daily NO, and CO declined by 8.94 ug/m? (95% CI: 3.71, 14.16) and
0.2 mg/m? (95% CI: 0.04, 0.35), respectively, when weather controls and fixed effects were
included, indicating that those associated with the city lockdown were unlikely to be
caused by weather or natural trends. The daily relative changes of NO, and CO were
16.94% and 16.95%. The parameters of PMjg, PM, 5, and the AQI were greater than zero but
with no significance, indicating that no significant change occurred during the lockdown
period. The daily concentration of O3 significantly increased by 8.41 ug/m3 (95% CI: 4.39,
12.43), with a 32.80% daily relative change.
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Table 2. Summary statistics of the AQI and pollutants from 20 December 2020 to 22 January 2021.

20 December 2020-5 January 2021 ? 6 January 2021-22 January 2021 ?

Shijiazhuang Median IOR Median IOR wb p-Value
AQI 81.06 35.01 87.47 75.33 139 0.865
CcO 1.23 0.83 0.60 0.42 216 0.013
NO, 55.01 26.48 21.90 12.99 246 0.000
O3 22.26 14.14 44.78 19.63 39 0.000
PMyg 105.26 53.32 108.40 118.82 132 0.683
PM; 5 54.00 39.85 41.78 49.82 161 0.586
SO, 20.66 11.29 12.19 5.77 212 0.020

Baoding
AQI 79.60 42.62 75.14 62.72 152 0.812
CcO 0.95 0.70 0.70 0.39 194 0.092
NO, 61.64 20.40 42.33 21.45 224 0.005
O3 13.90 15.15 25.04 16.27 65 0.005
PMy 107.93 60.26 97.68 83.85 154 0.760
PM, 5 48.50 38.28 34.65 27.87 172 0.357
SO, 14.87 7.73 9.42 4.05 219 0.009
2 The dates of the two phases in study, both are 17 days. ® W means Wilcoxon statistic.
Table 3. The effects of lockdown on air pollutants and the AQI 2.

AQI co NO, (0 PMy PM;5 SO,

Blockdown © 17.36 —0.20 ** —8.94 *** 8.41 *** 27.24 0.59 —0.73
Standard 11.95 0.08 2.67 2.05 16.58 5.54 1.44

error

p 0.157 0.018 0.002 0.000 0.111 0.916 0.617

R2 0.876 0.946 0.969 0.962 0.900 0.935 0.904
Observations 68 68 68 68 68 68 68

** p <0.05; ** p < 0.001.  The model has controlled weather variables (daily temperature, relative humidity, and wind speed), city fixed
effect, and time fixed effect. P Daily concentration change on average estimated by DID method during the lockdown period.

We collected the daily average pollutant concentrations between Shijiazhuang and
Baoding before and during the lockdown policy. Drawing time series of the pollutants
between Shijiazhuang and Baoding allowed us to observe whether the parallel trend
assumption was satisfied in the DID model. Figure 1 shows that no systematic difference
was observed before the lockdown period between the two cities. In addition, the PM; 5,
PMjg, and AQI parameters displayed small declines within 3 days but were followed by a
very large increase after the implementation of the lockdown policy.

When we randomly moved up the start time of the lockdown policy in Shijiazhuang,
we found that the estimate of § gradually decreased and even became nonsignificant,
reflecting that the lockdown policy indeed reduced the concentrations of related air pollu-
tants, and our estimations were unlikely to be caused by other unobservable factors.

3.3. Evaluation of the Short-Term Health Benefits during the Lockdown Period

We evaluated the average daily excessive mortality of three clearly changed air pollu-
tants after the DID analysis validation during the lockdown period. Among the estimates
output by the DID model, the reductions in NO, and CO could reduce the numbers of
related deaths per day, while the effect of O3 was the opposite. The other pollutants did
not change significantly during the lockdown period. According to Table 4, the number of
all-cause excess deaths avoided by NO, during the lockdown period (17 days) was 14.63
(95% CI: 11.25, 18.00), while the number of all-cause excess deaths that occurred due to O3
was 8.89 (95% CI: 6.77, 11.01). The numbers of deaths of cardiovascular diseases and respi-
ratory diseases caused by the reduction in NO, were also higher than the number of deaths
caused by the increasing ozone concentration. Due to the lack of an exposure-response
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coefficient for all-cause and respiratory disease deaths due to CO, we only evaluated the
number of deaths due to cardiovascular disease. Additionally, we combined all-cause
results of the three pollutants through adding respiratory mortality from CO. Overall, we
estimated that 8.22 (95% CI: 3.97, 12.49) all-cause deaths have been prevented during the
lockdown period.

g 300
<

200

100
city —e- Baoding -4 Shijiazhuang

o
= 4004 Y 8
Q. 3004

Figure 1. Time-series concentrations of air pollution in Shijiazhuang and Baoding. The solid black
verticals are associated with the date of implementation of the lockdown policy.

Table 4. Number of deaths due to air pollutants change during the lockdown.

Total Deaths

Biockdown Cause of Death Daily Deaths 95%CI (17 days) 95% CI
NO, —8.94 All-cause deaths —0.86 2 —(0.66,1.06) —14.63 —(11.25,18.00)
RC¢ 16.94% Cardiovascular disease deaths —0.35 —(0.24,0.46) —5.93 —(4.05,7.80)
Respiratory disease deaths —0.12 —(0.07,0.16) —2.00 —(1.26,2.74)
CcO —0.20 All-cause deaths
RC 16.95% Cardiovascular disease deaths —0.15 —(0.05,0.24) —2.48 —(0.93,4.04)
Respiratory disease deaths
O3 8.41 All-cause deaths +0.52b +(0.40,0.65) +8.89 +(6.77,11.01)
RC 32.80% Cardiovascular disease deaths +0.24 +(0.09,0.38) +4.09 +(1.58,6.51)
Respiratory disease deaths +0.08 +(0.03,0.12) +1.29 +(0.57,1.98)
Summary All-cause deaths —0.48 —(0.23,0.73) —8.22 —(3.97,12.49)
2 The “—" indicates the number of deaths decreased due to reduced pollutant. b The ”+” indicates the number of deaths increased due to

increased pollutant. © RC: relative changes of air pollutants when comparing to the non-lockdown period.

4. Discussion

This is the first study in China to evaluate the health benefits of the lockdown policy
through the case—control DID method. We found that the lockdown policy reduced the
concentrations of NO, and CO but worsened the Oj situation, reducing all-cause deaths by
11.36 cases. The decline in SO, was more likely linked to the lockdown policy, as described
in previous studies [24-26]. However, no significant changes in SO, and PM were observed,
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and the DID method helped us to decrease the bias and led to the separation of the causal
effects of the lockdown policy.

The sources of air pollution are complicated and asymmetrical. As primary pollutants,
CO and NO, were directly influenced by reduced emissions during the lockdown. NO; is
created when air is heated and, on average, occurs due to transportation (15-20%) and fossil
fuels in power plants (30-50%) [27], whereas residential (43.9%), transportation (29.4%),
and industrial (25.1%) sources are the major sources of CO [28]. Given that residential
heating was expected to increase during the lockdown period and given the insignificant
changes in PMj 5 obtained herein (which is mainly generated by fossil fuel burning [29]),
transportation played a crucial role in the relation between the air quality and lockdown
policy. O3 is a secondary pollutant and is mainly generated by the photochemical reactions
of nitrogen oxides and hydrocarbons from automobile exhaust under sunlight [29,30]. For
O3, the seemingly abnormal increase may be derived from the decreased concentration
of nitrogen oxides, which react with O3 [31]. The reductions in these primary pollutants
slowed down their interactions with O3 and consequently elevated their levels; this effect
was also observed in former studies [32,33].

PM represents the particle mass that enters the respiratory tract, and it includes
both coarse and fine particles; the former is primarily produced by mechanical processes
such as construction activities, road dust resuspension, and wind, whereas the latter
originates mainly from combustion sources. We can see that PMj 5 and PM, displayed
short-term declines within three days after the lockdown policy was implemented, but the
differences then decreased compared to Baoding, indicating that PM was not affected by
the lockdown policy. A study in Austria showed a similar result: PM;j did not decline
during the lockdown term, which might have been due to domestic heating [34]. It has
been proven that coal combustion and PM are highly correlated [21]. Shijiazhuang strictly
implemented the city lockdown policy from 6 January until 23 January. This period
coincided with the heating period. According to the weather disaster warning information
of the National Meteorological Center of CMA, a blue cold-wave warning was issued on 5
January [35]. Since the lockdown period in Shijiazhuang coincided with the heating period,
fossil fuel heating may have caused a large amount of PM production. Research shows that
during a cold wave in 2016, the cold wave increased the heating energy consumption by
approximately 2.37% compared with 2014 [36]. Due to the lockdown policy, people may be
more inclined to heating their home to a higher temperature than usual when they are at
home [37]. All of the above factors may affect the PM level. Although the lockdown policy
of the city reduced traffic flow, the PM level did not change significantly.

Using the DID method, we found that SO, did not show a significant change due to
the lockdown policy. A study in Wuhan, China, showed that during the lockdown period,
atmospheric SO, concentrations remained steady both annually and weekly [38]. This
may be because industries are the most significant contributors, and smaller anthropogenic
sources of SO, emissions involve locomotives, ships, and vehicles with heavy equipment
that burn fuel with a high sulfur content [39].

The overall impact of the COVID-19 epidemic is terrible, leading to death, disease,
and economic loss. Many countries have had to implement lockdown policies [40]. In this
study, we tentatively evaluated the health benefits of a lockdown policy, and the results
indicate important implications for public health, even with the rise of O3. However,
massive interventions were adopted during the lockdown period, and these interventions
decreased air pollution but had high financial costs. Future research could explore these
changes in air quality and the economic impacts of the lockdown and help leaders to
implement rational policies in the future [41].

The reduction in traffic flow affected the level of air pollution, and we found that
the NO, concentration declined, while the AQI level had no significant change. Recent
studies have shown that the key is to accelerate VOC emission reductions; this acceleration
is expected to be achieved through the new emission standards for LDVs, and regional
emission sources are expected to be simultaneously controlled to release the benefits of
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local traffic emission control, thereby improving the air quality [42]. The health benefits
of the reduction in air pollution were proved significantly in a nationwide study [43]. A
recent study also showed that the lockdown policy provided a good opportunity to test
measures such as telecommuting, telemedicine, online business, and education [44]. These
measures reduce people’s travel and contact and have beneficial impacts associated with
the improvement of air pollution; thus, these measures may promote the development of
smart cities.

We used a relative case—control DID method to study the real effect of the COVID-19
lockdown policy on air pollution levels and the associated mortality burden in the city of
Shijiazhuang. However, some limitations still exist. First, because Shijiazhuang was the
only city with a COVID-19 outbreak during the study period, we could only include one
city as an intervention group for this research, causing the external validity of the results
to be limited to some extent. Second, we did not consider changes in residents” behaviors
caused by the lockdown policy. The regulations implemented during the lockdown policy
limited the behaviors of individuals, such as going outside. At the same time, the fact that
we applied the annual mortality rate to infer the daily mortality is not very appropriate
for our study period because the daily mortality is usually higher than the annual ones.
Thus, bias in our results may exist in some way when estimating the impact of the health
benefits of lockdown policies. Multicity studies and population activity models with
empirical evaluations of policy effects are needed in the future. Third, although this study
controlled for confounders that do not vary with time and are individual (city geography,
city industrial capacity, etc.), it may not control all potential confounders that could lead
to uncertainty.

5. Conclusions

Our study found that the average daily concentrations of NO, and CO were reduced
and the concentration of O3 was elevated under the impact of the lockdown policy. The
excess number of deaths per day caused by these three significantly changing pollutants
decreased. Lockdown policies, such as restrictions on public health and gatherings, are
effective in alleviating air pollution and reducing health risks.
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