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ABSTRACT: The contradiction between the regional imbalance
and an one-size-fits-all policy is one of the biggest challenges in
current air pollution control in China. With the recent
implementation of first-level public health emergency response
(FLPHER) in response to the COVID-19 pandemic in China (a
total of 77 041 confirmed cases by February 22, 2020), human
activities were extremely decreased nationwide and almost all
economic activities were suspended. Here, we show that this
scenario represents an unprecedented “base period” to probe the
short-term emission control effect of air pollution at a city level. We
quantify the FLPHER-induced changes of NO2, SO2, PM2.5, and
PM10 levels in 174 cities in China. A machine learning prediction
model for air pollution is established by coupling a generalized
additive model, random effects meta-analysis, and weather research
and forecasting model with chemistry analysis. The short-term control effect under the current energy structure in each city is
estimated by comparing the predicted and observed results during the FLPHER period. We found that the short-term emission
control effect ranges within 53.0%−98.3% for all cities, and southern cities show a significantly stronger effect than northern cities (P
< 0.01). Compared with megacities, small−medium cities show a similar control effect on NO2 and SO2 but a larger effect on PM2.5
and PM10.
KEYWORDS: COVID-19, air pollution, machine learning, emission reduction, public health emergency

1. INTRODUCTION

Air pollution is a notable environmental health risk in China
that has been estimated to cause ∼1.1 million premature
deaths annually.1,2 To improve air quality and protect human
health, the China government has developed a series of strict
air pollution control actions since 2013 with the goal to reduce
the emissions of air pollutants (i.e., ambient particulate matter
with an aerodynamic diameter <2.5 μm (PM2.5) and <10 μm
(PM10), sulfur dioxide (SO2), and nitrogen oxides (NOx))
across the country.3−7 After strong policy regulation, the
average PM2.5 concentration in China has been dramatically
reduced from 89.5 μg/m3 in 2013 to 43 μg/m3 in 2019.
However, this still much exceeded the WHO guideline limit
(10 μg/m3) and the grade I level of the Chinese Ambient Air
Quality Standards (35 μg/m3).
In the current air pollution control in China, one of the

biggest challenges is the contradiction between the regional
imbalance and the one-size-fits-all policy. The energy structure
and economy levels vary greatly in different regions in China,
leading to largely varied emission and pollution levels. Thus,
the one-size-fits-all policy inevitably results in a low efficiency
of pollution control or waste of resources. Until now, it has

been still difficult to predict the effectiveness of regional air
pollution control policies. For future clean air actions, it is
crucial to estimate the city-specific effectiveness of emission
control measures and adjust policies to local conditions.
The recent outbreak of the corona virus disease 2019

(COVID-19) provided an unexpected scenario for this
purpose. The COVID-19 was first reported in Hubei Province
in China in December 2019,8 and then, the number of
confirmed cases increased in other provinces in January 2020.
In January 23, 2020, the first-level public health emergency
response (FLPHER) was triggered to cut down the rapid
spread of COVID-19 throughout China.9 During the period of
FLPHER, stringent restriction measures on the mobility of the
citizens were implemented.10 Except for some mainstay sectors
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that maintained the basic human living and society operating,
traffic, construction, commercial, and industrial activities were
subjected to an extreme or complete standstill.11 As a response,
the emission of air pollutants from anthropogenic sources12−14

showed a substantial reduction.15−27 The similar phenomenon
was also observed in other countries during the global spread
of the COVID-19 pandemic.27,28 Noteworthily, the strict
FLPHER measures were implemented nationwide rather than
regionally. Therefore, we hypothesize that the COVID-19
pandemic can be used as an unprecedented “base period” to
estimate the short-term control effect of different cities for
developing city-specific emission control measures.
Here, we use a machine learning prediction model to

simulate the air pollution levels (NO2, SO2, PM2.5, and PM10)
in 174 cities in China (involving a population of ∼1 billion; see
Figure S1) on the basis of meteorological factors, atmospheric
environmental chemistry process, and emission inventory data.
Assuming the FLPHER period (January 23−February 22,
2020) with COVID-19 lockdowns as a base period, we
quantify the city-level and species-specific short-term control
effect by the difference between the predicted and observed
results. Here, the short-term control effect is defined as the
reduction degree of air pollution by short-term administrative
means for a specific city under the current energy structure. In
fact, the short-term administrative means have been proven to
take effect in some past special events, such as the “Olympic
Blue” during the 2008 Beijing Summer Olympic Games and
the “APEC Blue” during the 2014 Beijing Asia-Pacific
Economic Cooperation (APEC) Economic Leaders’ Meet-
ings.29−31 It is worth noting that the COVID-19 lockdowns
mainly reduced the emissions from traffic and industrial sectors
but less affected the power and residential sectors, because the
two latter are the basic sectors to maintain the society
operating. Therefore, the short-term control effect may not
reflect the maximum potential of pollution reduction for a city.
However, as an estimate of the effectiveness of short-term
stringent emission control, it provides an important
quantitative reference for devising target policies of city-
specific air pollution regulation. Especially, considering that the
COVID-19 severity may affect the emission reduction in a city,
we paid particular attention to the difference between the
Hubei province and out of the Hubei province due to the
much more severe COVID-19 situation in Hubei.

2. METHODS
Study Regions and Sources of Data. We investigated

174 cities in 26 provinces, encompassing 99% of the COVID-
19 cases (by February 22, 2020) in mainland China. The
number of daily confirmed COVID-19 cases in 174 cities in
China were obtained from the National Health Commission of
the PR China. The observation data of air pollutants (i.e., NO2,
SO2, PM2.5, and PM10) in these cities were collected from the
Chinese National Environmental Monitoring Center
(CNEMC). The ambient temperature (AT) and relative
humidity (RH) data were obtained from the National
Meteorological Centre of the PR China.
Generalized Additive Model and Random Effects

Meta-Analysis. We used the generalized additive model,
which enables the evaluation of the associations between the
concentrations of air pollutants and the daily number of
confirmed COVID-19 cases. This model was conducted by R
software (version 3.6.2). The detailed framework of this model
can be described as follows:

β α= + + +E O Clog ( ) ns(AT, df) ns(RH, df)t t (1)

β=RR exp( ) (2)

where Ot and Ct represent the daily mean concentration of an
air pollutant and daily confirmed COVID-19 cases on day t,
respectively; E(Ot) represents the expected value of the
concentration of air pollutant on day t; β is the regression
coefficient; α is the intercept; AT and RH represent the
ambient temperature and relative humidity on day t,
respectively; ns represents the natural smooth functions of
the model. Herein, we used 3 day moving averages of AT and
RH as 3 degrees of freedom (df) to control the potential effects
of ambient temperature and humidity. The relative response
factors (RR) with 95% confidence intervals (CIs) were used to
describe the changes of the levels of air pollutants with per 10
confirmed COVID-19 cases increasing. RR > 1 indicates a
positive response, and RR < 1 indicates negative response. The
exp represents an exponential function. Considering that the
lifetimes of the air pollutants in the atmosphere are normally in
the range of several days to 1 week, we used a period of 7 days
to estimate the lag effects (from lag day 1 to lag day 7) of air
pollution in response to COVID-19 cases. Then, subgroup
analysis for different cities was performed with random effects
meta-analysis through R software (version 3.6.2).

WRF-Chem Model Analysis. The weather research and
forecasting model coupled with chemistry analysis (WRF-
Chem) (version 3.7.1) was used to predict the concentrations
of air pollutants under the real meteorological conditions but
assuming no COVID-19-caused lockdowns in China.32−34 The
domains, physical, and chemical schemes are given in Figure
S1 and Table S1. The meteorological initial and boundary
conditions (every 6 h) were obtained from the National
Centers for Environmental Prediction (NCEP) 1° × 1° Final
Reanalysis Data (FNL).35 The initial and chemical boundary
conditions (every 6 h) were obtained by the Global
Simulations of Whole Atmosphere Community Climate
Model (WACCM).36 The mosaic Asian anthropogenic
emission inventory (2010) and Multi-Resolution Emission
Inventory for China (2016) were used in the WRF-Chem
modeling.37,38 The NH3 and biomass burning emission data
were adopted from previous studies,39,40 and biogenic emission
was calculated using the Model of Emissions of Gases and
Aerosols from Nature (MEGAN).41 The data set of emissions
were the last version available.
We used the data of the investigated cities from the

databases mentioned above over the period of November 14,
2019−January 22, 2020 to train the model by altering the
emission rates (to 80% for SO2, 50% for NH3, and 50% for the
direct emissions of PM2.5 and PM10) throughout the domain,
until the predicted results well-matched the observed results
(Figure 3 and Figure S2). The mean bias (MB), root-mean-
square error (RMSE), and the index of agreement (IOA) were
used to assess the predictions against observations:
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where Pi and Oi represent the predicted and observed variables,
respectively, N is the total number of the simulations for
comparison, and o̅ represents the average-observations.
Estimate of the Short-Term Emission Control Effect.

The short-term control effect of air pollutants (ΔEP) for each
city was estimated by the following equation:

Δ = −EP ObsP SimPt t t (6)

where ΔEPt represents the short-term emission control effect
on air pollutants (e.g., NO2, SO2, PM2.5, and PM10) on day t;
ObsPt represents the monitored real concentration of the air
pollutants on day t; and SimPt represents the predicted

concentration of the air pollutants by the WRF-Chem model
under an assumed scenario without COVID-19 lockdowns.

3. RESULTS AND DISCUSSION
Air Quality Trends during the COVID-19 Pandemic

Period in China. As shown in Figure 1, the daily average
concentration of air pollutants in China showed a remarkable
variation with the outbreak of COVID-19. The average levels
of NO2, PM2.5, PM10, SO2, and ozone (O3) in 174 cities were
37.8 ± 6.7, 70.6 ± 15.3, 90.7 ± 19.3, 12.6 ± 2.4, and 38.2 ±
7.3 μg/m3 prior to the implementation of the FLPHER, which
were close to the same-term mean pollution levels of 2019.
Notably, after the FLPHER was triggered, dramatic variation
trends were observed for these air pollutants. The average
concentrations of NO2, PM10, PM2.5, and SO2 in these cities
decreased considerably by 56.5% (16.4 ± 3.4 μg/m3), 33.9%
(59.9 ± 16.1 μg/m3), 33.7% (46.9 ± 15.8 μg/m3), and 22.9%

Figure 1. Time evolution of daily pollution levels of NO2, SO2, O3, PM2.5, and PM10 and daily confirmed COVID-19 cases in 174 cities in China
during the first-level public health emergency response (FLPHER) lockdown period. (a) Daily mean NO2 and SO2 concentrations. The error bars
represent standard deviations (1SD) of 24 measurements in a day (n = 24). (b) Daily mean PM2.5, PM10, and O3 concentrations. The error bars
represent standard deviations (1SD) of 24 measurements in a day (n = 24). The red dashed lines in a and b represent the date of the first
implementation of lockdowns due to the COVID-19 outbreak in Wuhan, China.

Figure 2. Associations between the levels of four air pollutants and confirmed COVID-19 cases in 84 cities (with more than 30 total confirmed
cases) in China during the FLPHER period. (a−d) Overall all-city relative response factor (RR) values of (a) NO2, (b) SO2, (c) PM2.5, and (d)
PM10 to the confirmed COVID-19 cases. (e−p) Comparison of the RR values of NO2, SO2, PM2.5, and PM10 to the confirmed COVID-19 cases
(e−h) between the cities in and outside of the Hubei province, (i−l) southern and northern cities, and (m−p) megacities and small−medium (S−
M) cities. Note that the results represent the RR values and the 95% confidence intervals (CIs) per 10 newly confirmed COVID-19 cases.
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(9.72 ± 1.77 μg/m3), respectively, while, on the contrary, the
O3 concentration significantly increased by 59.6% (60.9 ± 6.3
μg/m3). These results indicate that the city lockdowns (CLDs)
indeed exerted a significant impact on pollutant emissions.
With regard to individual pollutants, ground-level O3 is

influenced by nonlinear chemical processes of NOx and volatile
organic compounds (VOCs) and NO-titration, rather than
being directly emitted from certain sectors.29,42,43 Thus, the
change of O3 was not used to assess the emission control effect
in this study. It should be noted that the air pollutants have
certain lifetimes (normally several days) in the atmosphere and
humans normally have a response time to peak cases, so the
responses of air pollution to COVID-19 lockdowns had a
lagging effect. Consequently, the minimum concentrations of
NO2, SO2, PM2.5, and PM10 did not occur on the day but
lagged behind the day when the daily confirmed COVID-19
cases reached the peak point in a city.
Direct Response of Air Pollution to Confirmed

COVID-19 Cases. To verify the responses of air pollutants
to the COVID-19 lockdowns, we further investigated the
associations between the pollution levels and confirmed
COVID-19 cases over 84 cities (with total confirmed cases
>30) in China. Here, we define a relative response factor (RR)
to describe the lagging effect between air pollutants and
confirmed COVID-19 cases (see the Methods section, eqs 1
and 2 for details). The RR > 1 indicates a positive response,

and RR < 1 indicates a negative response. Both the absolute
values and changing trends of RR are concerned.
As shown in Figure 2a−c, the RR values of NO2, SO2, and

PM2.5 to the increase of confirmed COVID-19 cases showed a
decline trend during the initial several days. This was
consistent with the decreasing trends of levels of these air
pollutants (NO2, SO2, and PM2.5) during the FLPHER period
(Figure 1). For the overall pooled estimate of 84 cities, the
negative response of NO2 to the increase of confirmed
COVID-19 cases was the strongest among the concerned air
pollutants, and the lowest RR value of 0.86 (95% confidence
interval (CI): 0.80, 0.92) was obtained at lag day 4. Note that
4 days significantly exceed the lifetime of NOx in the
atmosphere (∼1 day), which could be attributed to the
lagging time between peak cases and human responses. The
lowest RR values for PM2.5 and SO2 were achieved at lag day 5
(RRPM2.5

= 0.86 and RRSO2
= 0.97). Notably, PM2.5 showed

positive RR values at initial 2 days, probably because the
sources of PM2.5 pollution were more complex than those of
NO2 and SO2 (including secondary formation from gaseous
precursors), and thereby, its negative response to the COVID-
19 lockdown was slower than those of NO2 and SO2. Despite
that, the RR of PM2.5 also showed a decline trend, indicating
that the COVID-19 lockdown still greatly affected the PM2.5

pollution. After the lag days when the RR of pollutants reached
the lowest values, the impact of the COVID-19 lockdowns was

Figure 3. WRF-Chem model-simulated and observed average concentrations of major air pollutants in 174 cities in China. The simulation (dotted
blue line) was performed with assuming no outbreak of COVID-19 lockdowns against the real observation (red solid line). (a, d, g, and j) Daily
mean concentrations of (a) NO2, (d) SO2, (g) PM2.5, and (j) PM10 for observation and simulation from November 14, 2019 to March 15, 2020.
Period I (November 14, 2019−January 22, 2020) before the implementation of FLPHER lockdowns was used as a training set to optimize the
model. Period II (January 23, 2020−February 20, 2020) and Period III (February 21, 2020−March 15, 2020) represent the FLPHER lockdown
period (test set) and recovery period when most cities rescinded the FLPHER lockdowns (validation set). (b, e, h, and k) Difference between the
observed and simulated average concentrations of (b) NO2, (e) SO2, (h) PM2.5, and (k) PM10 in 174 cities during Periods I and II. The error bars
represent standard deviations (1SD) during Period II (n = 28) and Period III (n = 24). (c, f, i, and l) Change percentage (%) between the observed
and simulated average concentrations of (c) NO2, (f) SO2, (i) PM2.5, and (l) PM10 in 174 cities during Periods II and III. The LD and ALD
represent the FLPHER lockdown period (Period II) and after the FLPHER lockdown period (Period III), respectively.
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gradually weakened, so the RR values appeared to increase.
Regarding PM10, its RR value showed an increasing trend from
0.87 at lag day 1 to 1.37 at lag day 5 (Figure 2d), indicating
that the main emitting sectors associated with PM10 were
different from those of NO2, SO2, and PM2.5. The positive
responses suggested that these sectors were less restricted by
the FLPHER regulations.
We then investigated the response of air pollutants to the

COVID-19 cases in different cities, stratified by geographic
location and city scale. Figure 2e−h shows weaker responses in
cities of the Hubei province than those outside of the Hubei
province. This difference can be explained by the facts that the
RR values were calculated on the basis of per 10 confirmed
COVID-19 cases increasing and that Hubei had a large
number of cases. Furthermore, southern cities showed lower
RR values for the air pollutants relative to northern cities
(Figure 2i−l). It is interesting to note that PM2.5 and PM10 had
more significantly negative responses (i.e., lower RR values
than 1) to the outbreak of COVID-19 in megacities (i.e., cities
with a population exceeding 10 million44) than in small−
medium cities (S−M cities), whereas SO2 and NO2 had lower
RR values in small−medium cities than in megacities (Figure
2m−p). The results mentioned above indicate that the
chemical species and sources of air pollution in China were
distinctly different in different cities.
Estimate of Regional Short-Term Emission Control

Effect. To quantify the short-term control effects of COVID-
19 lockdowns on the pollutant emission, we conducted model
simulations using weather research and forecasting model with
chemistry (WRF-Chem model) analysis. Then, we predicted
the temporal pollution trends in the case of no outbreak of
COVID-19 or associated lockdowns. The simulations of air
pollution levels were performed on the basis of meteorological
factors, atmospheric environmental chemistry processes, and
emission inventory data by the WRF-Chem model.45−47

We first trained the model by using the temporal evolution
of air pollution from November 14, 2019 to January 22, 2020
as a training set. The meteorological factors (e.g., wind field;
Figure S2) were coupled in this simulation. As shown in Figure
3a,d,g,j, the simulated data were highly consistent with the
observed. Moreover, the temperature and relative humidity
data modeled by the WRF-Chem model well-matched the
monitored data (Figure S3), also suggesting that the modeling
is reliable. Then, the levels of the air pollutants during the
period after February 22, 2020 were used as a validation set for
the WRF-Chem model (see Figure 3). After that date, in most
cities, the FLPHER was rescinded and the transportation,
construction, and industrial activities were gradually restarted.
As shown in Figure 3, the simulated results were also close to
the observed results for the validated set. All the above results
verified the accuracy and robustness of the WRF-Chem model
for the air pollution. Considering that the COVID-19-caused
FLPHER occurred nationwide rather than regionally, and the
meteorological factors were included in the simulation, the
impact of inter-regional transport of air pollution could be
minimized.48 A more accurate estimate of the impact of inter-
regional transport can be quantified by using the source−
concentration relationship and inverse model in future studies.
Finally, the trained model was used to predict the air pollution
during the FLPHER lockdown period. Since only mainstay
sectors that maintain the basic human living and society
operating were running during the lockdown period, the net
differences in air pollution levels between the predicted and
real observed results could indicate the reduction degree of air
pollution by short-term administrative means of a city under
the current energy structure.
In this way, we have obtained the short-term control effect

of all the investigated cities. Results show that the average
emissions of air pollutants in 174 cities were reduced by 46.9%
(15.8 μg/m3), 0.59% (0.05 μg/m3), 19.2% (11.1 μg/m3), and
24.4% (16.6 μg/m3) for NO2, SO2, PM2.5, and PM10,

Figure 4. National scale short-term control effect of air pollutants derived from the COVID-19 lockdowns. (a) Cumulative confirmed COVID-19
cases in different provinces in China before February 22, 2020. (b−e) Estimated short-term control effects of (b) NO2, (c) SO2, (d) PM2.5, and (e)
PM10 in China. The different colors represent different short-term control effects, and a darker yellow (i.e., more negative value) represents a larger
short-term emission reduction.
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respectively, over the FLPHER lockdown period (see Figure
3). The emission reduction degrees of the air pollutants were
also consistent with the degrees of their negative responses to
the confirmed COVID-19 cases, as mentioned above (see
Figure 2). It has been reported that during the COVID-19
lockdown period the surface transports in freeways and urban
roads were decreased by 37%−60%, which can also well-
explain the large decline of the NO2 pollution level observed
here.49 Furthermore, we noticed that the uncertainties of the
emission reduction degrees of NO2 and SO2 on different dates
were relatively small (SDNO2

= ±5.01 μg/m3 and SDSO2
=

±1.64 μg/m3) during the lockdown period. This might be
because the atmospheric NO2 and SO2 are predominantly
from primary emissions, which are regulated under the uniform
national standards. Whereas PM2.5 and PM10 showed larger
variations (SDPM2.5

= ± 13.9 μg/m3 and SDPM10
= ± 18.2 μg/

m3) probably because their sources are more complex (from
both primary emissions and secondary formation from
precursor gases, e.g., VOCs).50,51

We compared the emission reduction degrees of air
pollutants with the results in some existing studies. Compared
with the results obtained by a bottom-up method, the
reduction of PM2.5 in eastern China (19.2%) was very close
to that estimated by the Multi-Resolution Emission Inventory
Model for China (MEIC) (21%).52 The NO2 reduction in the
North China Plain obtained here (45.7%) was also close to
that estimated by the bottom-up method (51%), and the NO2
reduction in eastern China (46.9 ± 18.4%) was larger than that
in mainland China (31%)6 but was smaller than that estimated
by the bottom-up method (60%−70%).53 This difference
might be attributed to the different corrected emission data
used. That is, in this study, the MEIC data set was used in
WRF-Chem and the model was trained by altering the
emission rates (see the Methods section), while in the bottom-
up method, the MEIC emission data was corrected on the
basis of dynamic economic and industrial activity levels.53 In
addition, the SO2 reduction (0.6%) estimated here was smaller
than that estimated by the bottom-up method (29%).52

Furthermore, we also compared the results with the temporally
varied statistic data in a previous report that estimated the
reduction of air pollution by the FLPHER relative to that
before the implementation of FLPHER.16 The pollution
reduction degrees obtained here (46.9% for NO2, 0.6% for
SO2, 19.2% for PM2.5, and 24.4% for PM10) were also
consistent with the temporally varied results (46.1% for NO2,
4.6% for SO2, 13.7% for PM2.5, and 21.8% for PM10).

16

City-Level Short-Term Emission Control Effect of Air
Pollutants in 174 Cities. To make effective regulation
policies for individual cities, we separately calculated the short-
term control effect (including the direct emission and gaseous
precursor emission) of the air pollutants in different cities
(Figure 4). Generally, approximately 98.3% of the cities
showed a dramatic control effect for NO2 ranging from −1.54
(−5.05%) to −30.1 μg/m3 (−80.8%), and Wenzhou had the
maximum reduction effect on NO2 (Figure 4b). For SO2,
51.2% of the cities presented an emission reduction ranging
from −0.17% to −63.3%, and the maximum reduction on SO2
was achieved in Ganzhou (Figure 4c). PM2.5 showed a control
effect in 63.8% of the 174 cities, and the maximum reduction
degree reached −60.4% in Wuxi (Figure 4d). PM10 showed a
control effect in 84.5% of the cities, and the maximum
reduction of −61.9% was also found in Wuxi (Figure 4e).

Different cities showed distinctly different control effects for
different air pollutants, suggesting great regional differences in
energy structures and developmental levels.
We compared the emission control effect of air pollutants in

the cities stratified by geographic location and city scale. As
shown in Figures S4a,b and S5a,b, the cities in Hubei province,
which underwent the strictest restriction during the FLPHER
period,9 showed a larger effect for NO2 and SO2 reduction
probably because the human activities were more constrained
in Hubei cities than in other cities. Despite that, out of Hubei,
almost an uniform regulation intensity was implemented
nationwide during the FLPHER period, and in all these cities,
the pollutant emissions have been greatly suppressed. Under
such conditions, a slight difference in the FLPHER measures
should not have a significant effect on the emission reduction.
As shown in Figure S6, no significant correlation was found
between the emission control effect and confirmed COVID-19
cases concerning all cities.
Southern cities had a larger control effect for NO2 and SO2

than northern cities (Figures S4e,f and S5e,f) due probably to
their different energy structures. Furthermore, no significant
differences were found in the control effect of NO2 and SO2
between megacities and small−medium cities (Figures S4i,j
and S5i,j), probably because the general energy structures are
similar in megacities and small−medium cities in China (note
that countryside regions are not included). For PM2.5 and
PM10, southern cities and small−medium cities had a larger
control effect than northern cities and megacities, but no
remarkable difference was found between the cities in and out
of Hubei province (Figures S4c,d,g,h,k,l and S5c,d,g,h,k,l).

Species-Specific Short-Term Control Effect. The
sources of atmospheric NOx are normally thought to be
related to fossil fuel burning and road traffic.54 So, the large
NO2 reduction might result from the control of fossil fuel
burning or traffic emissions.55 At the same time, SO2, which is
thought as a proxy of coal burning, showed less reduction
effect. This might be attributed to the fact that many sectors
associated with SO2 emission are those that maintain basic life
requirements or pillars industries of the national economy. For
example, more residential coal heating in northern China due
to the COVID-19 lockdowns would marginally offset the
reductions by other sources. This was also evidenced by the
fact that the COVID-19 lockdowns caused only slight
decreases in the fuel processing industries (5.5%), ferrous
metal smelting/rolling processing industries (5.6%), and
nonferrous metal smelting/rolling processing industries
(2.3%).56

Regarding particulate matter pollutant, it is necessary to
identify the regulation effect on primary particle and gaseous
precursor emissions. To probe the responses of PM2.5 to the
regulation of gaseous precursors (NOx and VOCs), we
performed two WRF-Chem sensitivity tests by altering the
emission rates of NOx and VOCs. As shown in Figure S7, if the
anthropogenic NOx emission is further reduced by 50% than
the real situation, the difference between the simulated and
observed concentration of PM2.5 would decrease from 11.1
(19.2%) to 4.23 μg/m3 (8.29%), i.e., the simulated PM2.5 level
would approximate to the FLPHER-caused “base period” level.
If both the anthropogenic emissions of NOx and VOCs
decrease by 50% than the real situation, the PM2.5 level would
get closer to the “base period” level, with a difference between
simulation and observation of only 1.81 μg/m3 (3.72%). This
result clearly indicates that the reduction of emissions of
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precursor gases (e.g., NOx and VOCs) is an efficient measure
to control PM2.5 pollution.
Environmental Implications. In recent years, although

strong pollution control policies have dramatically decreased
the air pollution in China nationwide, the pollution levels still
much exceed the WHO guideline limit and the Chinese
Ambient Air Quality Standards. More than 180 prefecture-level
cities failed to meet the national standard for annual PM2.5
level in 2019.57 Currently, the efforts on further reducing the
pollution levels are facing many problems, among which the
regional imbalance and unknown effectiveness of regulation
policies are the major challenges. The COVID-19-associated
FLPHER period provides an unprecedented opportunity to
estimate the short-term control effect of different pollutants in
different regions. Due to the nearly extreme restrictions on
human activities and economical activities, air pollutant
emissions were greatly suppressed during the FLPHER period.
Thus, such a consequence can represent the reduction degree
of air pollution control via short-term administrative means
under the current energy structure. This information is
important for the prediction of policy effectiveness and policy
optimization in different regions.
At present, heavily polluted regions normally receive more

strict regulations on all sectors than lightly polluted regions.
However, importantly, our results have clearly shown that
heavily polluted regions do not necessarily have better effect of
air pollutants than lightly polluted regions (see Figure 4). For
example, the North China Plain regions suffer from heavier air
pollution than the south China but their short-term control
effects of air pollutants are much weaker than those of the
latter. For a city with a small control effect, excessively
stringent measures on the transportation and industry will
definitely lead to low efficiency and meaningless economic
sacrifices. Thus, the development of emission reduction
policies must be specific rather than extensive and ambiguous.
Otherwise, even when large economic costs are paid, the
policies may not take effect.
For the regions with limited short-term control effect (e.g.,

the North China Plain), it may be hard to decrease air
pollution levels via simply short-term policy regulation. For
these regions, long-term strategies and goals should be
developed, e.g., optimizing the regional energy structures and
improving exhaust gas treatment technologies. Our results also
indicate that simply reducing the primary source emission has
little effect on PM2.5 pollution. More stringent regulation
policies should be simultaneously implemented to the aerosol
precursor emissions, e.g., VOCs and NOx. These results
provide information to break through the dilemma in the
current air pollution control in China and also provide a useful
reference for the policymaking in other polluted regions/
countries.
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