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Abstract

This paper explores the short-run impact of work resumption, extensively launched on
February 10, 2020 in China, on air quality after the subsiding of COVID-19. Utilizing the
data of 1012 air-quality monitoring sites in 233 cities derived from the Real-time Release Air
Quality Platform and the difference-in-differences method, we find that alternative measures
of air quality index in non-Hubei provinces increase significantly, compared with those in
Hubei province which was temporarily not allowed work resumption due to the severity of
epidemic. Specifically, our results reveal a rise in AQI of 11.28 per cent, in PM2.5 of 12.47
per cent, in PM10 of 10.49 per cent, and in NO; of 23.64 per cent, relative to the baseline
mean. Moreover, the deterioration of air quality is found to be caused by intracity rather
than intercity migration.

Keywords: air quality; COVID-19; difference-in-differences; work resumption
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1. Introduction

Environmental economics demonstrates that the quality of the environment is correlated
with economic growth in the long term. On the one hand, some existing studies sug-
gest that economic growth affects environmental quality. The Environmental Kuznets
Curve (EKC) illustrates that there is an inverted-U shaped relationship between envi-
ronmental pollution and income level (Grossman and Krueger, 1991, 1995; Selden and
Song, 1994; Galeotti and Lanza, 2005; Destek and Sarkodie, 2019). However, other stud-
ies oppose this inverted-U shaped relationship. Pfaff et al. (2004) and Cohen et al. (2004)
provided evidence that there is a U-shaped and N-shaped relationship between income
level and environmental quality, respectively. In particular, in China, they demonstrated
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that decreasing air quality and fast economic growth have had a linear relationship
since the 1978 Reform and Opening Up (De Groot et al., 2004; Shen, 2006; Brajer
et al., 2008, 2011). However, other studies suggest that environmental quality influ-
ences economic growth. Brakman et al. (2001) implied that environmental deterioration
reduces industrial agglomeration in the context of the classical core and periphery the-
ory. Marrewijk (2005) argued that the agglomeration of economic activity tends to
become less attractive if the problem of pollution arises, and Lange and Quaas (2007)
suggested that the extent of agglomeration crucially depends on the damage caused by
local pollution.

However, the aforementioned studies present a correlation rather than a causal rela-
tionship between economic growth and environmental pollution in the long term. There
is limited literature on the relationship between air quality and economic development
in the short term, and it is unclear how human economic activities affect air qual-
ity in the short term, especially in Chenery’s late industrialization stage in developing
countries. In theory, Grossman and Krueger (1995) pointed out that with the develop-
ment of industrialization, clean technology replaces technologies which would generate
more pollution, and heavy industries gradually shift to service industries and, therefore,
pollutant emissions have been reduced and the environmental quality is improved. Nev-
ertheless, such a theoretical hypothesis has not been proved by empirical research as most
of the research suffers from severe endogeneity problems. The outbreak of COVID-19
provides an opportunity to examine the impact of gradual economic recovery on air
quality in China in the short term.

The spread of COVID-19 has pressed a stop button for economic activities. Since the
control of COVID-19 in China, economic activities have gradually restarted. This paper
utilizes the outbreak of COVID-19 to explore the correlation between economic activi-
ties and the quality of the environment with the data from 1012 air quality monitoring
stations in 233 cities in China.

With the subsiding of the epidemic, 30 provinces — not including Hubei province - in
China have gradually resumed work and production by implementing less strict restric-
tion policies directed by the provincial governments in China since February 10, 2020.
The work resumption in Hubei province, the center of the pandemic, was postponed
until March 10, 2020, and thus could be utilized as the control group by employing
a difference-in-differences (DID) method to study the impact of work resumption on
air quality. This paper merges the data on air quality from different sites and weather
conditions in cities using the cities’ code. We find that the resumption of work and pro-
duction leads to an increase in the air quality index (AQI) by 7.226 (equivalent to a rise of
11.28 per cent relative to the baseline mean). Similarly, work resumption also leads to an
increase in PM2.5 by 5.323 jug/m?, in PM10 by 6.19 ug/m?, and in NO; by 4.584 pg/m?,
equivalent to arise of 12.47, 10.49 and 23.64 per cent relative to the baseline mean respec-
tively. The estimation is robust by altering the sample size and using the propensity score
matching difference-in-differences (PSM-DID) method. We also find that the air quality
of cities with larger size of population, less proportion of secondary industry, and decen-
tralized heating system decreases significantly after resumption of work. Moreover, the
intracity migration is a potential mechanism to interpret the correlation between the
resumption of work and production and air quality.

Our study makes four primary contributions. First, it contributes to the literature
regarding the relationship between economic development and the environment. This
paper provides an estimation of the impact of work resumption on air quality after
COVID-19 in China in the short term, which to some extent alleviates the endogeneity
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problems between economic development and environmental protection existing in
most of the current literature. Our analysis treats the observations from Hubei province
as the control group, where the work resumption took place on March 10, 2020 (much
later than in other provinces).

Second, we supplement the literature on the cause of haze (He, 2009; Auffhammer
and Kellogg, 2011; Liang et al., 2015; Fu and Gu, 2017).! This paper provides evidence
suggesting that the population flow, which is brought about by the resumption of work
and production, might be one of the main sources of smog and, thus, we offer a new
insight on the cause of haze.

Third, this paper contributes to the studies working on COVID-19. Most papers focus
on the infectivity of the pandemic (Alvarez et al., 2020; Anderson et al., 2020; Bai et al.,
2020; Chinazzi et al., 2020) and the destructive impacts of the outbreak on the economy
or human mobility (Alon et al., 2020; Atkeson, 2020; Baker et al., 2020; Bartik et al.,
2020; Cao et al., 2020; Guerrieri et al., 2020; Zhang et al., 2021). The paper focuses on
the economic production and human mobility after the COVID-19 epidemic subsided
and provides a new perspective on the environmental impact of the epidemic.

Fourth, this paper provides a reference for policy-makers that pollution should be
reduced to the largest extent by improving economic efficiency to maintain a sus-
tainable development given the tough trade-off between economic development and
environmental protection.

The remainder of this paper is organized as follows. Section 2 provides the back-
ground on work resumption and our hypotheses. Section 3 introduces the identification
strategy and the data. Section 4 presents the empirical results, and section 5 concludes.

2. Background on work resumption and theoretical hypothesis
2.1 Background on work resumption

Since the outbreak of COVID-19, the Chinese government has implemented preven-
tion and control measures requiring social isolation. From January 23-25, 2020, 30
provinces and autonomous regions (except for Hong Kong, Macao, Taiwan, and Tibet?)
launched the first-level public health emergency response.® Figure 1 demonstrates that
all provinces in China have been influenced by the COVID-19 pandemic, and the num-
ber of COVID-19 cases are collected by the Chinese Center for Disease Control and
Prevention (China CDC). Notably, Hubei province, where Wuhan is the capital city, is
the epicenter of the epidemic. The accumulated confirmed cases and deaths in Hubei
province accounted for 83 and 96 per cent of the total amount in China on March 10,
2020, respectively (according to the data released by China CDC). The number and the
distribution of urban infections in Hubei province (according to China CDC) are pre-
sented in online appendix table Al and figure Al. They suggest that cities, except for
Shennongjia, have also gradually implemented lockdown measures since January 23,
2020, when Wubhan initially implemented the lockdown policy, because of the severity
of the epidemic. To reduce the spread of the virus, the Hubei provincial government put
forward the policy for preventing virus transmission to other provinces as well as within

!'The existing literature empirically analyzes the spillover effects of industrial emission, gasoline content,
winter heating or industrial pollution on air quality.

2Tibet launched the first-level response to a major public health emergency on January 29, 2020.

3China’s public health emergencies are divided into four levels, namely, I, II, III, and IV, with ‘I being
the highest level.
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Figure 1. Accumulated confirmed COVID-19 cases by province on March 10, 2020.
Notes: This figure presents the geographic distribution of accumulated confirmed cases in different provinces in
China on March 10, 2020. The map is plotted with ArcGIS 10.7.

Hubei province. In contrast, the policy of other provinces emphasized the prevention
of the inflow of the virus. Almost all citizens were required to stay at home as long as
possible and decrease the frequency of outdoor activities to reduce the risk of infection.
As a result, most enterprises and public institutions were unable to carry out production
and operation activities.

To prevent the spread of the epidemic, 30 provinces — not including Hubei - issued
policies about resuming work and production from January 30 to February 3, and the
documents required that the time of resuming work and production should not be earlier
than 24:00 on February 9. When COVID-19 subsided owing to suitable control mea-
sures, the State Council published the Notice on Strengthening the Scientific Prevention
and Control of COVID-19 and Resuming Work and Production in an Orderly Manner
on February 8. This document states that each provincial government should promote
orderly returning to work in batches of workers, and plan for work and production
resumption with classifications and batches. The important industries in the national
economy and people’s livelihood, such as epidemic prevention and control, energy sup-
ply, transportation and logistics, production of medical supplies, food and other daily
necessities, and market circulation and sales, should be resumed as soon as possible.
Subsequently, 30 provinces began to resume work and production as requested by the
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policy on February 10, 2020, whilst Hubei province was postponed to March 10, 2020,
given the severity of the pandemic. Thus, we treat 30 provinces as the treatment group
and treat Hubei province as the control group. However, some cities, such as Wenzhou
and Shihezi, chose to resume work and production on February 17 and February 15
respectively,? hence we drop the observations from these cities in the baseline estimation.
The time of work and production resumption in provinces and some cities are shown in
online appendix table A2.

2.2 Theoretical hypothesis

The basic livelihood industries have started to resume production since February 10,
2020. The express delivery companies, such as STO, ZTO, YTO, and Yunda, and com-
mercial service enterprises, such as banks and insurance companies, returned to normal
operation on February 10, 2020. In the manufacturing industry, over 76 per cent of enter-
prises that produce masks, 77 per cent of protective clothing enterprises, 94.6 per cent of
grain processing enterprises, and 57.8 per cent of coal mines resumed work.> According
to the National Bureau of Statistics, the cumulative growth rate of industrial value-added
in 30 provinces and cities decreased by 11.77 per cent on average, while the index in
Hubei province dropped by 46.2 per cent from January to February in 2020.% By decom-
posing the EKC (Grossman and Krueger, 1995), the scale effects of work resumption
may bring about increasing emissions of pollutants.

Thus, given that the clean technology and industrial restructuring can hardly fully
improve air quality in the late stage of industrialization, we propose hypothesis 1: the
resumption of work and production leads to a decline in air quality outside Hubei
province.

The lockdown policy in Hubei province restricts the movement of people and reduces
air pollution (He et al., 2020). The resumption of work and production increases human
mobility between workplaces and residences. The increasing human mobility, together
with longer commuting time and more emissions from vehicles, leads to a deterioration
in air quality (Cai and Xie, 2007). Figure 2 demonstrates that the intracity migration
intensity outside Hubei province has increased significantly, whilst the others have
remained at the previous level in Hubei province since February 10, 2020.

Therefore, we propose hypothesis 2: that the resumption of work and production
leads to an increase in human mobility outside Hubei province.

3. Data and empirical strategy
3.1 Data

In this study, data on air quality and pollutants (i.e., AQI, PM2.5, PM10 and NO;) are
derived from the Real-time Release Air Quality Platform in the China National Envi-
ronmental Monitoring Center. The data are recorded every hour. We construct four
alternative dependent variables by calculating the mean of AQI, PM2.5, PM10, and NO,
from 1012 monitoring stations every day from January 24 to March 9, 2020. Each city
has 2 to 12 monitoring stations.

4The accumulated confirmed cases of Wenzhou in Zhejiang province and Shihezi in Xinjiang province
were 504 and 4, respectively. The air quality data is missing in the latter.

>See https://baijiahao.baidu.com/s?id=1658208145590195780&wfr=spider&for=pc (in Chinese).

%See https://data.stats.gov.cn/easyquery.htm?cn=E0101.
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Figure 2. Population flow within cities in Hubei province and non-Hubei provinces, 2020.
Notes: The data on migration intensity were obtained from the Baidu Migration Map. We calculate the mean of
the intracity migration intensity in Hubei province and outside Hubei province.

Weather data are derived from the US National Oceanic and Atmosphere Admin-
istration, and contains data on the city-level temperature, barometric pressure, wind
velocity, wind direction, and cloudage of 389 weather monitoring stations. Due to the
inconsistency of weather condition sites and air quality monitoring stations, we summa-
rize the weather data at the city level. Data on the human migration index are taken from
the Baidu Migration Database, which covers the data on the index of inflows, outflows
and within-city movement of 233 cities in China. We merge all the aforementioned data
together according to the city code and date. Table 1 reports the descriptive statistics.

3.2 Empirical strategy

This paper employs the DID method to capture the impact of work and production
resumption on air quality. We treat 33 monitoring sites in 13 cities in Hubei province’
as the control group, and 979 monitoring sites in 220 cities outside Hubei province as
the treatment group. The main identification strategy in this paper is:

yijt = Bo + Pi treatj x post; + Xjyy + 8; + 0 + &ijr, (1)

where yjj represents the air quality of monitoring station i in city j in period ¢. The
variable treat; is a dummy variable that equals one if the city starts to resume work
and production outside Hubei province, and zero if the city belongs to Hubei province.
Specifically, we drop the cities of Wenzhou in Zhejiang province and Shihezi in Xinjiang

7The 13 cities are Wuhan, Huangshi, Shiyan, Yichang, Xiangyang, Ezhou, Jingmen, Xiaogan, Jingzhou,
Huanggang, Xianning, Suizhou, and Enshi. We lack data on other cities in Hubei province.
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Table 1. Summary statistics

Obs Mean S.D. Min Max
AQI 44814 64.06 40.57 14.59 295.5
PM2.5 44,409 42.69 32.09 4.563 223.7
PM10 44,464 59.01 41.25 8.111 356.4
NO, 44,397 19.39 11.39 2.944 85.61
Temperature 44,814 5.189 8.492 —18.79 24.80
Barometric pressure 44814 1,023 6.849 996.3 1,052
Wind direction 44,814 172.6 62.70 31.63 335.6
Wind velocity 44,814 2.489 1.211 0.700 8.675
Cloudage 44,814 0.452 0.290 0 0.864
Within-city flow intensity 44,721 2.859 1.089 0.300 6.393
Inflow index 44,721 0.732 1.035 0.001 8.316
Outflow index 44,721 0.646 0.907 0.001 18.70

Notes: AQI denotes the air quality index, taken from the Chinese Environmental Monitoring Department. PM2.5 and PM10
are the concentration of particulate matter with a diameter of 2.5 and 10 um per cubic meter of air respectively. NO,
denotes the concentration of NO, per cubic meter of air. Temperature is the daily average temperature. Barometric pres-
sure denotes the air pressure relative to Mean Sea Level. Wind Direction is the angle, measured in a clockwise direction,
between the north and the direction from which the wind is blowing. Wind velocity denotes the rate of horizontal travel of
wind relative to a fixed point. Cloudage denotes the fraction of the total celestial dome covered by clouds or other obscur-
ing phenomena. Inflow Index, Outflow Index and Within-city Flow Intensity, taken from the Baidu Map Location Based
Service, are the index of the proportion of the population who move into the city, move out of the city, and travel within
the city, respectively.

province, where the date of work and production resumption was not February 10, 2020.
The variable post; is a dummy variable that equals one if ¢ is after February 9, 2020, and
zero otherwise. The coefficient 8; of the interaction term treat x post captures the treat-
ment effects. We include weather characteristics, Xj;, to control the weather conditions
in city j at time period t. & is the error term.

4. Empirical results
4.1 Baseline estimation results

The baseline estimation results are reported in table 2. Column (1) shows that AQI out-
side Hubei province increased by 8.108, which improved by 13 per cent compared with
the average level with inclusion of monitoring sites and time fixed effects. By adding
control variables of weather characteristics in column (2), the treatment effect of work
resumption on air quality fell but is still significant at the level of 5 per cent. In columns
(3) to (5), we use PM2.5, PM10 and NO; as alternative dependent variables, which
increased by 5.323 ug/m?, 6.19 ug/m> and 4.584 ug/m?, respectively. The results sug-
gest that air quality outside Hubei province may become worse as work resumption keeps
going on, in support of hypothesis 1.

For control variables, air quality is positively related to temperature whilst nega-
tively related to barometric pressure, wind direction and wind velocity. The results are
consistent with Fu and Gu (2017) and Li et al. (2019).

In addition, we redefine the wind direction as upwind, downwind and others,
named wind orientation, which represent the economic significance of wind direction.
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Table 2. The effects of work resumption on air quality

(1) (2) (3) (4) (5)
Dependent Variable = AQI AQI PM2.5 PM10 NO,
Treat x post 8.108** 7.226™* 5.323* 6.190* 4.584***
(3.693) (3.608) (2.897) (3.422) (0.667)
Temperature 0.566™* 0.368* 0.774*** 0.0192
(0.260) (0.221) (0.259) (0.0749)
Barometric pressure —0.577** —0.696*** —0.386** —0.402***
(0.229) (0.179) (0.193) (0.0464)
Wind direction —0.0213** —0.025*** —0.0139 —0.011***
(0.010) (0.008) (0.00975) (0.00262)
Wind velocity —4.254*** —4.616*** —2.912*** —2.679%**
(0.740) (0.541) (0.690) (0.197)
Cloudage —1.065 —0.466 —0.512 —1.583***
(2.828) (2.179) (2.631) (0.501)
Constant 58.97*** 662.2*** 765.3*** 456.1** 437.1%**
(2.319) (237.1) (185.8) (200.5) (48.07)
Site FE Yes Yes Yes Yes Yes
Daily FE Yes Yes Yes Yes Yes
Obs 44,814 44,814 44,701 44,722 44,956
Sites 1,012 1,012 1,012 1,011 1,011
R? 0.424 0.438 0.452 0.447 0.608

Notes: Table 2 contains results using OLS regression of major indicators of air pollution, including AQI, PM2.5, PM10 and
NO,. Columns (1) and (2) report the results of AQI as the core dependent variable without and with control variables,
respectively. Columns (3)-(5) show the results of PM2.5, PM10 and NO, as dependent variables with control variables,
respectively. Robust standard errors are shown in parentheses. Standard errors are clustered by city. *, ** and *** denote
significance levels at 10%, 5% and 1% respectively.

The definition of wind direction is in the online appendix, figure A2 and table
A3, and the specific results are presented in online appendix table A4. We find
that the coefficient relating to wind orientation is positive and insignificant, which
implies that the air quality monitoring station located in a downwind place may
not be significantly affected. The estimations of treatment effect are consistent with
table 2.

We now turn to check two assumptions of estimation strategy. One important ques-
tion regarding the validity of our empirical strategy is the common trend. We provide
evidence from three aspects.

First, we provide figures on the raw data of air quality. We calculate the average of
AQI, PM2.5, PM10 and NO; at the weekly level, which are presented in figure 3. Panels
A and B illustrate that AQI and PM2.5 of the treatment group are slightly lower than
that of the control group before work and production resumption, but the downward
trend in both groups is consistent. Panel C illustrates that the amount and trend of PM10
of the treatment group are consistent with that of the control group before resumption.
Panel D shows that NO, of the treatment group is slightly higher than that of the control
group, but the trend is consistent before resumption. Figure 3 suggests that we confirm
the common trend before resumption and outside Hubei province air quality is declining
after resumption.
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Figure 3. The common trend test.
Notes: 8-week window is included. Week 0 is defined as the week of resumption.

Second, we analyze the dynamic effects of work resumption on air quality. We extend
the data sample one week forward and backward based on the date of resumption and
conduct the regression analysis using equation (1) at the weekly level. Panel A of figure 4
focuses on the dynamic effects of comprehensive AQI. The results suggest that the AQI
of monitoring sites in the 30 provinces outside Hubei province and in Hubei province
has no significant differences before February 10, 2020, which confirms the common
trend again before work resumption of non-Hubei provinces. After work resumption,
compared with Hubei province, the AQI of non-Hubei provinces increases significantly.
Notably, air quality has not deteriorated further with the pace of resumption of work. It
is possible that the epidemic has promoted the large-scale application of environmental
protection technologies in enterprises.

In panels B and C of figure 4, we present the results of PM2.5 and PM10, respectively.
The results are similar to panel A and the concentration of PM2.5 and PM10 rises more
than 10 z2g/m>. Panel D suggests that the concentration of NO, gradually increases with
the resumption of work. After the resumption of work in Hubei province, the difference
between the 30 provinces and Hubei province begins to shrink. This result is consistent
with the results in figure 2, indicating that the emissions caused by automobiles invoked
by human mobility might be an important source of pollution.

Third, we further explain that the common trend holds up, which seems to be incon-
sistent with some studies (Almond et al., 2020; Liu et al., 2020). First, Almond et al.
(2020) and Liu et al. (2020) chose the sites or cities themselves in 2019 as the control
group and those in 2020 as the treatment group, while we choose the sites in Hubei
province as the control group and other sites outside of Hubei province as the treatment
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Figure 4. The effect of work resumption on air quality over time.
Notes: We use the week before the lockdown as the benchmark, and present the dynamic effects of AQI, PM2.5,
PM10 and NO,. Hubei province began to restart in the fourth week (a4) after February 10, 2020.

group. Second, Almond et al. (2020) found that the magnitudes of decline in NO; in
China, Hubei province, and the neighboring provinces of Hubei province are 0.494,
0.551 and 0.498 respectively, compared to those in 2019, which means that the mag-
nitude of decline in NO; in both Hubei province and other provinces is consistent.
This provides evidence for the common trend. Third, Liu et al. (2020) suggested that
the lockdown policies significantly reduced air pollution, using the timing of lockdown
in different cities. In fact, the complete lockdown of cities mainly took place from Jan-
uary 23 to 24, and the population flow declined rapidly from January 23 to 25, when 30
provinces activated the first-level public health emergency response (except Tibet). (The
primary response dates are presented in the last column in online appendix table A2.)
Therefore, at the weekly level, the common trend holds up.

Another important problem regarding the validity of the empirical strategy is the
comparability of the sites in the control group and treatment group before work resump-
tion. Figure 3 reveals that AQI, PM2.5, PM10 and NO; demonstrate a downward trend
before work resumption. Thus, we test the difference of trends of all variables in table 3.
These two groups are similar in columns (2) and (4) before work resumption, and col-
umn (5) shows that the difference is insignificantly different from zero because the
p-value is greater than 0.1 in column (6).

In addition, we check the difference before work resumption between the control
group and treatment group in online appendix table A5. This table shows that the key
dependent variables AQI, PM2.5, PM10, and NO; are insignificant between two groups.
However, the temperature is higher whilst the wind velocity is lower in Hubei province
than those in non-Hubei provinces. One possible explanation is that Hubei province is
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Table 3. Summary statistics of first-order differential of all variables intreatment group and control group

(1) (2) (3) (4) (5) (6)

Treat=0 Treat=1
Dependent Variable = N Mean N Mean Difference p-value
AAQI 525 —2.653 15,272 —0.788 —1.865 0.263
APM2.5 525 —2.131 15,309 —0.661 —1.470 0.262
APM10 525 —2.363 15,404 —1.041 —1.322 0.418
ANO; 518 —0.189 15,648 —0.308 0.119 0.739
ATemperature 525 0.117 16,028 0.113 0.003 0.974
ABarometric pressure 525 —0.323 16,028 —0.304 —0.02 0.897
AWind direction 525 —1.363 16,028 0.235 —1.598 0.553
AWind speed 525 —0.009 16,028 —0.016 0.007 0.871
ACloudage 525 —0.022 16,028 —0.006 —0.016 0.177
AWithin-city flow intensity 525 —0.118 15,994 —0.109 —0.009 0.477
Alnflow index 525 —0.067 15,994 —0.074 0.007 0.545
AOutflow index 525 —0.052 15,994 —0.055 0.003 0.746

located in the south of China; cold currents and winds from Siberia are blocked by the
mountains in the north region, and the temperature over the period January 23-Febru-
ary 9 in winter is normally higher than the average temperature in China. In terms of
barometric pressure, the magnitude of the coefficient is insignificant compared with
the mean (1027) barometric pressure, although the difference is statistically significant.
Notably, the difference in the flow of population in the last three rows is significant
between two groups because the travel restrictions are stricter in Hubei province than
in other provinces. However, the last three rows in table 3 demonstrate that there is no
difference in the trends of Within-city Flow Intensity, Inflow Index and Outflow Index
between the control and treatment groups. Figure 2 also provides such evidence of the
Within-city Flow Intensity between Hubei province and the provinces outside Hubei
before resumption.

In conclusion, the assumptions of common trend and balance test hold up, and the
identification strategy is valid.

4.2 Robustness checks

We next conduct robustness checks and report the results in table 4. First, we include
four monitoring sites in Wenzhou because we exclude Wenzhou in the baseline estima-
tion, and reset the DID approach. Column (1) demonstrates that air quality declines as in
table 2. Second, the Lantern Festival, an important traditional festival in China, may lead
to a higher level of human mobility, thus compounding the estimation results. We then
exclude the Lantern Festival observations. Column (2) illustrates that the positive and
significant coefficient is larger compared with the baseline results, which suggests that
the baseline estimation is underestimated. Third, we consider extending the estimation
sample to March 15, 2020, in column (3), and we exclude the observations in March in
column (4). The results show that the air quality gap between the non-Hubei provinces
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Table 4. Robustness checks of the effect of work resumption on air quality

1) @) G) 4) () (6)

Extend k-neighbor Kernel
Dependent Add Wenzhou  Drop lantern 7 days Drop March  nearest (k=1) matching
Variable = AQI AQI AQI AQI AQI AQI
Treat x post 7771 11.23*** 5.930* 8.320™* 13.07** 6.412**
(3.619) (4.144) (3.564) (4.054) (5.701) (3.106)
Control vars Yes Yes Yes Yes Yes Yes
Site FE Yes Yes Yes Yes Yes Yes
Daily FE Yes Yes Yes Yes Yes Yes
Obs 44,015 41,939 49,696 35,169 3,809 36,018
Sites 1,016 1,012 1,012 1,011 86 807
R? 0.439 0.434 0.418 0.439 0.480 0.429

Notes: Column (1) includes the observations of the monitoring sites of Wenzhou. Column (2) excludes the observations
of Lantern Festival, which is January 15 and 16 of the Chinese lunar calendar. Column (3) extends the estimation sample
to March 16. Column (4) excludes the observations in March. Columns (5) and (6) report the results using the k-nearest
neighbor matching (k=1) and the kernel matching of PSM method. *, **, and *** denote significance levels at 10%, 5%,
and 1% respectively.

and Hubei province is narrowing with the resumption of work in Hubei province, con-
sistent with figure 3. Lastly, by utilizing the different methods of basic propensity score
matching (PSM) by matching the level of urban population, GDP per capita, industrial
structure, FDI, longitude and latitude of the monitoring station, temperature, atmo-
sphere pressure, wind velocity, and wind direction before the resumption of work and
production to rule out the possible disturbances of specific characteristics of both the
treatment and control groups, the results reported in column (5) with k-nearest neigh-
bor matching (k=1) and column (6) with kernel matching suggest that the resumption
of work increases the weight of air pollution significantly.

In addition, we utilize the PSM-DID method with kernel matching, using PM2.5,
PM10 and NO; as alternative dependent variables. The estimated coefficients in columns
(1)-(3) in table 5 are larger than those in the baseline estimation, with significance at
the 1 per cent level except that in column (2). This table suggests that the impact of
production resumption on air quality might be underestimated due to the differences in
geographical and socioeconomic factors.

4.3 Heterogeneity analysis

We conduct the heterogeneous analysis, as shown in table 6. We first consider the charac-
teristics of cities. The agglomeration effect of an urban economy leads to the continuous
concentration of population to cities, which could result in the deterioration of urban
environment. Therefore, the air quality of cities with different population sizes is likely
to be significantly different after the resumption of work and production. We investigate
the heterogeneity according to the city size. The sample is split based on the median value
of the total population (i.e., large vs. small cities). Columns (1) and (2) illustrate that air
pollution is more serious in large cities than in small cities after resumption. In large
cities, resumption may lead to an increase in vehicle emissions due to the population
flow (because initially people would like to choose private cars in large cities to avoid the
possibility of novel coronavirus infection through public transportation).
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Table 5. Robustness checks using PSM-DID with PM2.5, PM10 and NO,

(1) @) 3)
PSM kernel matching PSM kernel matching PSM kernel matching

Dependent Variable = PM2.5 PM10 NO,
Treat x post 6.596*** 6.410* 5.363***

(2.518) (3.469) (0.714)
Control vars Yes Yes Yes
Site FE Yes Yes Yes
Daily FE Yes Yes Yes
Obs 36,018 36,018 36,018
Sites 807 807 807
R? 0.445 0.434 0.602

Notes: Robust standard errors are in parentheses. Standard errors are clustered by city. * and *** denote significance levels
at 10% and 1% respectively.

Then, people gather in cities because of the need for large amounts of labor in
non-agricultural industries. However, emissions from different industries are quite dif-
ferent, and manufacturing is the primary source of urban air pollution, such as the
Big Smoke in London in 1952. Thus, we focus on the urban-leading industries. The
sample is split based on the median value of the proportion of secondary industry
(i.e., industry vs. non-industry cities). Surprisingly, columns (3) and (4) show that the
resumption of work has caused greater pollution in non-industrial cities. The reasons
behind this might have two aspects. On the one hand, the Chinese government has
imposed environmental regulations on industrial enterprises for 30 years and, as a result,
industrial pollution has dropped significantly. From our data, the average AQI of indus-
trial cities in 2019 was 66.28, while that of non-industrial cities was 64.49. On the
other hand, the industrial sectors were allowed to resume work following the medical
services (services), transportation and logistics (services), and grain production (agri-
culture), in order to ensure the safety of people’s lives and the supply of basic goods
and materials. The results in columns (1)-(4) may lead to a concern that we separate
the control group into the corresponding categories. Therefore, we compare the median
value of the total population and the proportion of secondary industry between the
control and treatment groups (online appendix table A6). The two groups appear to
be similar, and the control group is not separated into large cities and non-industrial
cities.

Inadequate combustion of coal, which is the main energy source for centralized heat-
ing in northern Chinese cities, may lead to poor air quality. Some of the existing literature
suggests that the centralized heating system in northern China causes poor air qual-
ity. Thus, we consider the centralized heating in northern cities of China. We treat
the northern cities and southern cities (excluding the cities in Hubei province) divided
by the Qinling Mountains-Huai River as the treatment group in columns (5) and (6)
respectively. Surprisingly, the estimation finds that the cities without centralized heat-
ing systems are more seriously polluted. The results imply that the heating system did
not have an obvious change after February 9, 2020, and the centralized heating system
does not account for air pollution. Centralized heating in northern China lasts from
November to mid-March in the following year. There was no change in heating before
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Table 6. Heterogeneity of the effect of work resumption on air quality with different cities

Treat x post 8.707* 3.927 4.490 11.13*** —1.223 13.50*** 7.583* 6.071
(4.407) (5.339) (5.198) (3.762) (4.519) (3.828) (3.892) (4.130)

Control vars Yes Yes Yes Yes Yes Yes Yes Yes

Site FE Yes Yes Yes Yes Yes Yes Yes Yes

Daily FE Yes Yes Yes Yes Yes Yes Yes Yes

Sample Large cities Small cities Industrial cities Non-industrial cities With heating system Without heating system Loose restriction Strict restriction

Obs 24,453 20,361 24,073 20,741 17,676 28,512 31,685 14,503

Sites 552 460 540 472 403 642 717 328

R? 0.444 0.442 0.469 0.395 0.406 0.488 0.439 0.450

Notes: It reports the heterogeneity between cities in different groups. Columns (1) and (2) respectively correspond to large and small cities by the size of population. Columns (3) and (4) respectively
correspond to industrial and non-industrial cities by the proportion of secondary industry. Columns (5) and (6) respectively correspond to cities with central-heating system and non-central-
heating system by the Qinling Mountains-Huai River Line. Columns (7) and (8) respectively correspond to cities with strict and loose human mobility restrictions. Regression specification follows
table 2. Robust standard errors are shown in parentheses. Standard errors are clustered by city. * and *** denote significance levels at 10% and 1% respectively.
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and after the resumption of work during our sample period. This means that air quality
in the north was at a higher level before the resumption of work, hence air quality would
not significantly decrease after resumption.

Based on the above findings that the population size has an impact on urban air qual-
ity, in cities with a severe COVID-19 situation, both human mobility and economic
activities decrease. Therefore, the travel restriction due to COVID-19 affects popula-
tion movement and business production, which has an influence on air quality. Thus,
we attempt to explore the effect of different levels of human mobility on air pollu-
tion. Columns (7) and (8) suggest that compared with Hubei province, cities with loose
restrictions on human mobility as the treatment group have more severe air pollution
than the cities with strict restrictions, which implies that work resumption in the 178
cities with loose restrictions recovers rapidly, and work resumption of the 47 cities with
checkpoints and partial shutdown caused by the COVID-19 epidemic (Fang et al., 2020)
has a slower recovery.

In sum, according to the above heterogeneity analysis, we need to pay attention to
the following aspects of urban air quality. First, the population size of megacities should
be properly controlled to mitigate the deterioration of urban air quality. Second, after
the completion of industrial pollution treatment, the focus should instead be on the
impact of the services sector on air quality. Third, governments can encourage citi-
zens to adopt green, energy-saving and environment-friendly ways of commuting, and
gradually replace traditional heating with natural gas.

4.4 Potential channel

In this section, we further investigate the underlying mechanisms. Work resumption
increases human mobility with transportation between people’s residence and workplace
(i.e., commuting). When the commuting distance is more than 30 km, then it will nor-
mally take more than one hour to travel within a city with vehicles. Both exhaust and
dust from motor vehicles are important sources of air pollution. Column (1) of table 7
shows that work resumption significantly increases intracity migration intensity. This
is because the restart of work and production is in need of human mobility within a
city. However, the resumption has no impacts on the intercity migration intensities (i.e.,
inflows and outflows) as shown in columns (2) and (3), since the municipal governments
discouraged human mobility between cites considering the policy to ‘restrain the inflows
of COVID-19 cases from the outside’. Even if people can travel between cities, they have
to face more complicated procedures, such as the COVID-19 Nucleic Acid Test, 14-
day home quarantine, and so on. As a result, the within-city human mobility can, to
some extent, explain the causality between work resumption and the deterioration of air
quality, and our hypothesis 2 is verified.

Furthermore, we also consider that the expansion of production scale exacerbates air
pollution. In fact, as the strengthening of COVID-19 epidemic prevention measures —
such as cleaning and sterilizing every day and keeping a social distance of more than
two meters — alleviates the deterioration of air quality, both the AQI and the concentra-
tion of particulate matter are not found to rise, which is shown in figure 3. Due to the
availability of daily data on vehicles and enterprises, this argument can hardly be tested
empirically. To eliminate the influence of outliers, we winsorize the Within-city Flow
Intensity, Inflow Index and Outflow Index at the 1st and 99th percentiles. We report
this in online appendix table A7. The estimates are consistent with table 7, which suggests
that the estimation is not affected by the outliers.
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Table 7. Mechanisms of the effect of work resumption on air quality

(1) () 3)

Dependent Variable = Within-city flow Intensity Inflow index Outflow index
Treat x post 0.862*** —0.0687 —0.0721

(0.072) (0.051) (0.047)
Control Vars Yes Yes Yes
Site FE Yes Yes Yes
Daily FE Yes Yes Yes
Obs 45,295 45,295 45,295
Sites 1,010 1,010 1,010
R? 0.844 0.836 0.553

Notes: Columns (1)-(3) use the within-city flow intensity, inflow index, and outflow index as alternative dependent vari-
ables. Regression specification follows table 2. Robust standard errors are shown in parentheses. Standard errors are
clustered by city. *** denotes significant levels at 1%.

Table 8. Mechanisms of the effect of work resumption on air quality with mediation effect

(1) (2) (3) (4)
Dependent Variable = AQI PM2.5 PM10 NO,
Treat x post 6.737* 3.783 5.405 1.864**
(3.972) (3.194) (3.739) (0.731)
Within-city flow intensity 4.182*** 3.567*** 4.628*** 3.032%**
(1.495) (1.165) (1.550) (0.426)
Control vars Yes Yes Yes Yes
Site FE Yes Yes Yes Yes
Daily FE Yes Yes Yes Yes
Obs 44,422 44,422 44,422 44,422
Sites 1,009 1,009 1,009 1,009
R? 0.440 0.456 0.451 0.620
Notes: Robust standard errors are shown in parentheses. Standard errors are clustered by city. *, ** and *** denote

significance levels at 10%, 5% and 1% respectively.

In addition, we further test the mediation effect using the Within-city Flow Intensity
as the mediating variable. In table 8, we add the Within-city Flow Intensity on the right-
hand side. We find that the range of the coefficients relating to the Within-city Flow
Intensity is from 3 to 5, with statistical significance at the 1 per cent level. Meanwhile,
the magnitude and the significance level of the effect of resumption on air quality decline
compared with those in the baseline estimation. To be specific, the increase of Within-
city Flow Intensity partially explains the increase in AQI and NO,, and fully explains
the increase in PM2.5 and PM10. In reality, the resumption of work leads to population
mobility, bringing about an increase in the number of vehicles on the road, while their
exhaust emissions further cause air pollution.
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4.5 Counterfactual test

Although the time of work resumption was instructed by provincial governments, we
were concerned that many cities might not implement this policy on February 10, 2020.
We use the pseudo regression to test these possibilities. In practice, we generate the policy
implementation date — which is February 3, 2020 in column (1), February 15, 2020 in
column (2), February 17, 2020 in column (3), and February 24, 2020 in column (4) in
online appendix table A8 — and replicate the regression utilizing equation (1). The results
show that if the cut-off is not on February 10, 2020, then we can hardly find a rise in the
AQ)], suggesting that the treatment effect of work resumption is not just by chance.

5. Conclusion

In general, there is an inverted-U shape in most countries between economic develop-
ment and environmental pollution in the long term. However, this paper attempts to
analyze the causality between economic activities and air quality in the presence of the
COVID-19 epidemic in the short term in China. Utilizing the quasi-natural experiment
of work resumption during the COVID-19 epidemic, this paper uses the DID approach
to quantify the relationship between economic activities and air quality. We find that
work resumption after subsiding of COVID-19 leads to an increase in the AQI of 7.226,
compared to Hubei province. Our results are robust to various specifications. We further
discuss the mechanism that the intracity migration leads to environmental degradation
from the perspective of air quality. Work resumption has greater influences on cities
with larger size of population, smaller proportion of secondary industry, non-centralized
heating system, and lower level of mobility restrictions.

Why is the short-term perspective of the relationship between economic develop-
ment and air quality important in the late industrialization age for developing countries?
The reasons might consist of two aspects. First, human exposure to air pollution in the
short term affects their long-term health, which has an influence on the accumulation
of human capital. Second, the short-term perspective is beneficial to the adjustment of
environmental policy. Maynard Keynes said, “The long run is a misleading guide to cur-
rent affairs. In the long run we are all dead.” The paper provides evidence that, in the
short term, most developing countries need to choose appropriate environmental pro-
tection policies rather than a pattern of ‘grow first, clean up later’ or a pattern of ‘treat and
pollute simultaneously’ over the period of industrial development. In addition, the short-
term perspective is beneficial to identify the causality between air quality and economic
development by solving the disturbing reserve causality.

During the period of the epidemic, how can economic development and environmen-
tal protection be balanced? According to the work resumption index in table A9 (online
appendix), the average national resumption except Hubei province is about 65.77 per
cent and that of Hubei province is 30.8 per cent (on March 10, 2020). Our paper illus-
trates that the AQI increases by 7.2. This suggests that a 1 per cent work resumption
index is equivalent to about 0.2 of the AQI. If the resumption of work and production
returns to the level of 2019, the AQI will rise by 20. Suppose that the index is 0 before
resumption, and the average AQI ranges from 60 to 76 (as shown in figure 3) before
resumption of work and the AQI will be 80-96, which implies that air quality is at a good
level. The conjecture is confirmed by China’s economic growth data and the air quality
data in 2020. In 2020, the average number of days with good air quality in 337 cities
increased by 5 per cent year-on-year, while China’s GDP grew at 2.3 per cent. COVID-
19 has changed the way of production and life, and some nonessential work has changed
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from offline to online. However, in the post-epidemic era, economic recovery still needs
to be accompanied by consideration regarding the deterioration of air quality, especially
in Hubei province. We can balance economic development and environmental protec-
tion through the transformation of mode of production. This paper sheds light on the
trade-off between economic development and environmental protection, which could
be a reference for policy-makers to implement policies that focus on air quality control
by improving economic efficiency to obtain sustainable development.

Supplementary material. The supplementary material for this article can be found at https://doi.org/10.
1017/81355770X21000309
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