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PM2.5 , PM10 , NO2 , SO2 and CO in urban agglomerations respectively decreased by 18%–45%
(30%–62%), 17%–53% (22%–39%), 47%-64% (14%–41%), 9%–34% (0%–53%) and 16%-52% (23%–
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56%) during Lockdown (Post-lockdown) period relative to Pre-lockdown period. PM2.5 pollu-
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tion events occurred during Lockdown in Beijing-Tianjin-Hebe (BTH) and Middle and South

Air pollutants

Liaoning (MSL), and daily O3 concentration rose to grade Ⅱ standard in Post-lockdown period.

Spatial and temporal variations

Distinct from the nationwide slump of NO2 during Lockdown period, a rebound (∼40%) in

Urban agglomeration

Post-lockdown period was observed in Cheng-Yu (CY), Yangtze River Middle-Reach (YRMR),

Meteorological condition

Yangtze River Delta (YRD) and Pearl River Delta (PRD). With slightly higher wind speed com-

China

pared with 2019, the reduction of PM2.5 (51%–62%) in Post-lockdown period is more than
2019 (15%–46%) in HC (Harbin-Changchun), MSL, BTH, CP (Central Plain) and SP (ShandongPeninsula), suggesting lockdown measures are effective to PM2.5 alleviation. Although O3
concentrations generally increased during the lockdown, its increment rate declined compared with 2019 under similar sunlight duration and temperature. Additionally, unlike HC,
MSL and BTH, which suffered from additional (> 30%) air masses from surrounding areas
after the lockdown, the polluted air masses reaching YRD and PRD mostly originated from
the long-distance transport, highlighting the importance of joint regional governance.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

∗

Corresponding author.
E-mail: jpcheng@sjtu.edu.cn (J. Cheng).

https://doi.org/10.1016/j.jes.2021.01.006
1001-0742/© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.

journal of environmental sciences 106 (2021) 26–38

Introduction
On account of the frequent occurrence of regional and transregional severe air pollution episodes in China, increasing
attention has been paid to effective control measures of
air pollution by the public, researchers and policy makers
(Zhang et al., 2019). Six air pollutants including particulate
matter (PM) with an aerodynamic diameter smaller than
2.5 μm and 10 μm (PM2.5 and PM10 ), nitrogen dioxide (NO2 ),
sulfate dioxide (SO2 ), carbon monoxide (CO) and ozone (O3 ),
are monitored hourly and released to the public in China
because of their harmful effects on human health, e.g., cardiovascular and respiratory diseases and premature deaths
(Cohen et al., 2017; Liu et al., 2018; Nuvolone et al., 2018).
Recent studies on air quality in China showed that particulate matter and ozone were the most prominent pollutants causing air pollution in winter and summer, respectively
(Silver et al., 2018; Kuerban et al., 2019; Fan et al., 2020). In late
December 2019, the tragic Coronavirus Disease (COVID-19)
pandemic occurred, which has resulted in 503,862 deaths till
30 June 2020 and enormous economic disruption WHO (2020).
To rapidly contain the outbreak of the disease and protect public health, emergency response procedures and national lockdown policies were imposed by China from 26 January 2020.
As a result of that, driving vehicles, industrial operations, construction and restaurant activities were significantly reduced.
Several studies have dedicated to analyze air quality
changes during the COVID-19 period. Some of the studies focused on PM2.5 concentration changes in megacities like Wuhan, Shanghai and Beijing. Chauhan and
Singh (2020) found declined PM2.5 concentration in Beijing and
Shanghai mainly due to diminished anthropogenic activities
to control the spread of COVID-19. Other researchers concentrated on some hot spots, for example, North China and the
Yangtze River Delta (YRD). Bao and Zhang (2020) discovered
the lockdown of 44 cities in northern China reduced human
activities by 69.85%, and air pollutant reductions were mediated by human mobility. Concentrations of PM2.5 , NO2 and SO2
decreased while O3 increased greatly, and the residual pollution was still high during the lockdown in the YRD region
(Li et al., 2020). Relatively few studies on the air quality change
in nationwide scale were conducted. Chu et al. (2020) found
significant concurrent declines for NO2 and PM2.5 concentrations in Wuhan city, Hubei Province (Wuhan excluded),
and China (Hubei excluded). Previous studies provide valuable
thoughts on the air quality change during the COVID-19 pandemic. However, few of them have considered a comprehensive analysis of all six air pollutants, nor an investigation of
the effect of meteorological conditions on air pollutants before and after the lockdown.
Urban agglomeration is a spatially compacted, economically highly integrated cluster of cities, becoming the principal carrier of China’s social and economic development
(Liang et al., 2019). However, rapid industrialization and modernization of urban agglomerations accelerated the exploitation of depletable resources, resulting in environmental issues
including atmospheric pollution, such as PM2.5 (Zhang et al.,
2020), PM10 (Chen et al., 2018) and SO2 (Liu and Wang, 2017). To
grapple with the severe air pollution issue in urban agglom-

27

erations, the Chinese government has promulgated “Action
Plan for Comprehensive Air Pollution Control in Autumn and
Winter” in the Beijing-Tianjin-Hebei Region and surrounding
areas, the YRD region and the Fenhe-Weihe Basin for three
years. Retrofitting of coal-fired power plants with ultra-low
emissions and stringent control of vehicle emissions have
been collaboratively implemented by governments of PRD and
YRD regions (Li et al., 2019). Previous air pollution studies predominantly investigated one or two highly developed urban
agglomerations (Du et al., 2018), and few involved middle and
western regions such as the Cheng-Yu and the Yangtze River
Middle-Reach region. Additionally, a study on the spatial and
temporal variations of air quality covering most typical urban
agglomerations during the COVID-19 lockdown in China has
not yet been conducted, which is of great significance for the
implementation of effective countermeasures.
In this study, the officially released data of PM2.5 , PM10 , NO2 ,
SO2 , CO, and O3 concentrations in 334 China’s prefecture-level
cities from 1 January 2020 to 30 April 2020 were collected to analyze their spatial and temporal variations and to determine
pollutant levels. More specifically, (1) spatial distributions and
variations of six air pollutants were examined, and comparisons in urban agglomerations during different periods were
performed; (2) the daily and diurnal variations of six pollutants in nine urban agglomerations were analyzed; and (3) meteorological impacts on PM2.5 and O3 before and after the lockdown were investigated. The results will help us understand
the upshot of lockdown measures on air quality over nine typical urban agglomerations of China during the COVID-19 pandemic.

1.

Data and methods

1.1.

Study area

Our study area covers nine typical urban agglomerations approved by the National Assembly of China (Yang et al., 2020)
and 334 prefecture-level cites across China as shown in Fig. 1a.
The nine main regions are the Harbin-Changchun (HC), the
Middle and South Liaoning (MSL), the Beijing-Tianjin-Hebei
(BTH), the Central Plain (CP) and the Shandong-Peninsula (SP),
the Cheng-Yu (CY), the Yangtze River Middle-Reach (YRMR),
the Yangtze River Delta (YRD) and the Pearl River Delta
(PRD) urban agglomerations. These nine urban agglomerations are densely populated and economically developed areas in mainland China, and have an important position in the
development of national strategy. Detailed information about
nine urban agglomerations is presented in Table S1.
HC and MSL are located in northeast China, of which
the quality and level of development are still in their early
stages (Shen et al., 2019). BTH, the political and cultural center of China, represents the most developed region in northern
China, but also suffers with severe air pollution. Although the
economy of CP is growing rapidly, the resources consumption
is enormous and the environment has been seriously polluted.
SP has the large coal mines, thermal power plants, and mechanical manufacture and chemical enterprises in the city like
Zaozhuang. CY is the most economically developed region in
southwest China and its mountainous environment can result
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Fig. 1 – (a) Study area, distribution of 334 prefecture-level cities and nine typical urban agglomerations, (b) study time, dates
of the implementation of control measures in China, from 31 December 2019 to 30 April 2020.
in poor air exchange and serious air pollution (Liu et al., 2017).
YRMR is located in central China, covering 29 cities around
the middle of Yangtze River. It is a new pillar for China’s economic development with a degraded ecosystem. YRD, covers
only 2.1% of China’s land area but represents 1/4 of China’s
total economic output, possessing important industrial and
modern commercial centers. The rapid urbanization of PRD
which is the largest urban agglomeration in southern China,
exerts a substantial influence on the atmospheric environment although with favorable meteorological conditions and
less heavy industry.

1.2.

Study time

According to the change of response levels which is strongly
associated with the lockdown measures (Table S2), the whole
study period was divided into three periods: Pre-lockdown (1
January to 24 January 2020), Lockdown (26 January to 18 February 2020) and Post-lockdown (19 February to 30 April). The
Spring Festival of China (on 25 January 2020) was excluded
given the effect of particular holiday activities such as the setting off of fireworks. On 26 January 2020, the whole country

launched the Level Ⅰ response due to the COVID-19 breakout,
and cities actively adopted epidemic prevention and transmission control measures. In Lockdown period, suspension
of the transport, closure of entertainment places and prohibition of public meetings have contributed to decreased number of people and vehicles in public areas. After two-month
unremitting efforts, COVID-19 pandemic was under effective
control. Provinces downgraded the emergence level from first
to secondary or tertiary response. In Post-lockdown period,
under the premise of sufficient protective measures, anthropogenic activities gradually increased like the resumption of
work. Fig. 1b illustrates detailed dates of the implementation
of control measures in China from 31 December 2019 to 30
April 2020.

1.3.

Data sources and analysis

The hourly ambient concentrations of six air pollutants (PM2.5 ,
PM10 , SO2 , NO2 , CO, O3 ) over 1600 national air quality monitoring sites in 334 prefecture-level cities were downloaded
from the data platform of the China National Environmental
Monitoring Center (http://datacenter.mep.gov.cn/). The data
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Fig. 2 – Spatial distribution of mean PM2.5 and PM10 concentrations in nine urban agglomerations in Pre-lockdown,
Lockdown, and Post-lockdown periods and Rate of change (ROC) in Lockdown and Post-lockdown periods compared to
Pre-lockdown period.

involved in the statistics were carefully reviewed, which meet
the data validity and quality management requirements of GB
3095-2012 and HJ663-2013 standards. Beyond that, the data of
meteorological factors (MFs) was derived from Chinese Meteorological Bureau (http://data.cma.cn/), which comprised air
pressure (hPa), precipitation (mm), relative humidity (%), daily
temperature (°C), sunshine hours (h) and wind speed (m/s) for
137 cities of the nine urban agglomerations. The study period
was from 1 January 2020 to 30 April 2020 and the same period in 2019, covering the Pre-lockdown, Lockdown period and
Post-lockdown periods.
Strict quality control was carried out on the original data
to avoid the influence of outliers. Concretely, consecutive repeats and null values were removed (Silver et al., 2018). And
then hourly concentrations were averaged to daily mean values when the measurements were more than 18h in a day. In
addition, the data were examined at hourly intervals in order
to research the diurnal variations of air pollutants. Moreover,
Pearson correlation coefficients calculated by the IBM SPSS
statistical software (version 20.0) were applied to determine
relationships between meteorological factors and pollutant
concentrations. All statistical tests were bilateral and P < 0.05
were thought statistically significant. To make the discussion
of air quality change percentages clear, ROCL and ROCP are
defined as rate of change of air pollutants in Lockdown and
Post-lockdown periods compared to the Pre-lockdown period,

and ROCL-2019 and ROCP-2019 are defined as rate of change of
air pollutants in the same period of 2019.

1.4.

Backward trajectory analysis

To investigate the long-range transport of air mass origins
of the nine urban agglomerations, the HYSPLIT model (Version 5.0), developed by NOAA ARL, was used to compute the
backward trajectories with meteorological inputs from the
NCEP/GDAS data sets and a 2 hr temporal resolution. Air mass
backward trajectories of 36 hr were computed with the height
of 500 m above ground level at Harbin (in HC), Shenyang
(in MSL), Beijing (in BTH), Zhengzhou (in CP), Jinan (in SP),
Chengdu (in CY), Wuhan (in YRMR), Shanghai (in YRD) and
Guangzhou (in PRD), beginning at 00:00 a.m. every day in
three periods. Subsequently, cluster analysis was conducted
by HYSPLIT model, generating sub-sets of trajectories with
those calculated backward trajectories (Rolph et al., 2017).

2.

Results and discussion

2.1.

Spatial variations of measured air pollutants

2.1.1.

Spatial variations of PM concentrations

Fig. 2 represents the spatial distribution pattern of mean
PM2.5 and PM10 concentrations in Pre-lockdown, Lockdown
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Fig. 3 – Spatial distribution of mean NO2 and SO2 concentrations in nine urban agglomerations in Pre-lockdown, Lockdown,
and Post-lockdown periods and Rate of change (ROC) in Lockdown and Post-lockdown periods compared to Pre-lockdown
period.

and Post-lockdown periods and the corresponding rate of
change (ROC) in Lockdown and Post-lockdown period. The
distribution heterogeneity in PM concentrations was distinct,
with high PM2.5 and PM10 values occurring in downstream
region of the Yellow river (CP, SP and BTH), followed by HC
and MSL located in northeast China. CY, YRMR, YRD and PRD
had relatively lower PM concentrations throughout three periods. Compared with Pre-lockdown period, a remarkable decrease in average PM concentrations after the lockdown was
observed in China and nine urban agglomerations. Specifically, PM concentrations in YRD, PRD, HC, SP and CP reduced >
35%, and CY and YRMR decreased by ∼30% during Lockdown
period, showing larger reductions than the ROCL-2019 (Fig. S1).
However, it is worth noting that MSL and BTH presented relative lower ROCL of PM2.5 (22% and 18%) and PM10 (29% and
17%), all of which down ∼10% compared to the ROCL-2019 . The
cause of high PM concentrations in BTH was partially due
to the energy structure dominated by coal, high proportion
of heavy industries like mining, metallurgy, machinery manufacturing (Xu et al., 2017). The unfavorable climatic conditions were the dominant factors resulting in the pollution
events even with the stringent COVID-19 lockdown measures
(Wang et al., 2020). Specially, with comparison of six meteorological factors during Lockdown and Pre-lockdown periods
in Fig. 7, much higher precipitation with respective value of
0.59 mm and 0.50 mm occurred in MSL and BTH, which may

contribute to the growth and accumulation of the particulate
matter.
In Post-lockdown period, the average PM2.5 concentration
witnessed a constant fall by 30–62% (15–49% in 2019) in nine
urban agglomerations, while PM10 only decreased by 22–39%
(6–36% in 2019). Relaxation of lockdown measures for necessary vehicles and localized industries in Post-lockdown period
leaded to slight increase of PM10 emissions, while the secondary formation of PM2.5 might be inhibited due to the decline of precursors like NOx and SO2 . Meanwhile, mean PM2.5
and PM10 concentrations in HC, MSL, BTH, CP and SP have
fallen by over 50% and 30% respectively, obviously higher than
southern urban agglomerations, which was not perceived in
2019. Accordingly, we can conclude that super-strict control
measures for a long period are more effective for the alleviation of PM pollution in northern urban agglomerations.

2.1.2.

Spatial variations of NO2 and SO2 concentrations

The spatial distribution of average NO2 and SO2 concentrations in three periods and the corresponding ROC are presented in Fig. 3. In Pre-lockdown period, higher mean NO2 concentrations (∼50 μg/m3 ) appeared in BTH, MSL and SP, while
regional difference among urban agglomerations was weakened in Lockdown (12.91–25.07 μg/m3 ) and Post-lockdown
(21.21–32.23 μg/m3 ) periods. The largest drop of six pollutants
in Lockdown period was represented by NO2 with the ROCL
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Fig. 4 – Spatial distribution of mean CO and O3 concentrations in nine urban agglomerations in Pre-lockdown, Lockdown,
and Post-lockdown periods and Rate of change (ROC) in Lockdown and Post-lockdown periods compared to Pre-lockdown
period.

up to 54% in China and exceeding 60% in CP, SP together with
PRD. Such phenomenon suggested that anthropogenic emissions of NO2 have been dramatically reduced, reflecting that
usage of vehicles of mobile source declined greatly (Chu et al.,
2020; Pei et al., 2020; Sicard et al., 2020). In Post-lockdown period, the ROCP of NO2 rebounded in all regions, especially in
CY, YRMR, YRD and PRD with an increase of 40%, which could
be resulted by the increasing number of automobiles, counteracting the NO2 decrease from the travel ban. Hence mitigation
of NO2 in the transportation sector ought to be a high priority
for future work in CY, YRMR, YRD and PRD.
It is interesting that mean SO2 concentration went down
from north to south, with higher values (12–26 μg/m3 ) in HC
and MSL and lower values (6–8 μg/m3 ) in YRD and PRD for
three periods, which may be related to the coal-consuming
for heating demand in winter. During Lockdown period, SO2
presented small downward trends, with reductions of 9%–34%
(0%–53% in 2019) in urban agglomerations, showing no obvious decline in coal consumption (China’s main SO2 emission
source) from thermal power plants and energy-intensive industries. However, mean SO2 concentrations in CP, CY, YRD
and YRMR increased by 3%, 3%, 8%, and 24% in Post-lockdown
period, respectively.

2.1.3.

Spatial variations of CO and O3 concentrations

Different from the PM2.5 and PM10 , the spatial distribution of
mean CO and O3 concentrations had no prominent dispar-

ity in most urban agglomerations, as shown in Fig. 4. In Prelockdown and Lockdown periods, BTH had the highest mean
CO concentrations of 1.66 and 1.23 mg/m3 , followed by CP (1.45
and 0.94 mg/m3 ). Except for coal-combustion for industrial
purpose, incomplete biomass burning in rural regions contributed a large portion to CO in north China (Wu et al., 2020).
During Lockdown (Post-lockdown) period, the ROCL (ROCP ) of
mean CO concentrations ranged from 24% (24%) to 39% (56%),
which was consistent with the variation in 2019 among urban
agglomerations.
O3 concentration was evenly distributed in urban clusters
except for PRD, with values of 43.12-62.66, 62.59-85.15, 85.01106.56 μg/m3 in Pre-lockdown, Lockdown and Post-lockdown
periods, respectively. In Pre-lockdown period, PRD had the
highest mean O3 concentration (83.07 μg/m3 ), 20 μg/m3 higher
than the other urban clusters. This might be owed to higher
air oxidation capacity during the NO-NOx-O3 cycle in PRD
(Ma et al., 2017). Unlike above-mentioned pollutants, mean O3
concentration in Lockdown period displayed upward trends
(30-79%) in urban agglomerations except for PRD, higher than
the ROCL-2019 (16-61%). Although a sharp decline in NO2 concentration occurred during Lockdown period, O3 level still presented an apparent increase. In Post-lockdown period, average
O3 concentration significantly increased by 64% in China, but
lower than the increment rate of 2019 (80% in China). In SP,
HC, BTH, CP and MSL, the ROCP of O3 was 38%, 33%, 32%, 15%
and 9% lower compared to the ROCP-2019 (Fig. S1).
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Fig. 5 – Trend of 24 hr average concentrations of (a) PM2.5 , (b) PM10 , (c) NO2 , (d) SO2 , (e) CO & (f) 8 hrs average daily maxima of
O3 between 1 January and 30 April 2020 in Northern UA (HC, MSL, BTH, CP and SP urban agglomerations) and Southern UA
(CY, YRMR, YRD and PRD urban agglomerations).

2.2.

Temporal variations of measured air pollutants

2.2.1.

Daily variations of air pollutants

To better describe the daily variations of six air pollutants
in urban regions, we divided nine urban agglomerations into
northern urban agglomerations (HC, MSL, BTH, SP and CP) and
southern urban agglomerations (CY, YRMR, YRD and PRD) as
shown in Fig. 5. From 1 January 2020, daily concentrations of
NO2 , SO2 and CO basically met the Chinese Ambient Air Quality Standards (CAAQS, GB3095-2012) grade Ⅰ 24 hr standard
with value of 40 μg/m3 , 50 μg/m3 and 2.0 mg/m3 , respectively.
Daily NO2 concentrations in northern urban agglomerations
and YRD exceeded grade Ⅰ 24 hr standard in Pre-lockdown period, which decreased significantly after the implementation
of lockdown measures. SO2 concentration remained below the
acceptable limit and experienced a slight drop in Lockdown
period compared to Pre-lockdown period. Such phenomenon
indicates that China’s control of SO2 including the elimination of outdated production capacity, ultra-low-emission
retrofitting for coal-fired power plants, and the phasing out
and upgrading of coal-fired boilers from 2013 to 2017 had positive effects on SO2 reduction (the CAE, 2018). Thus, the current space for SO2 emission reduction is relatively limited. Set
against this is the fact that further tightening of control mea-

sures is necessary for NO2 , CO and PM decrease in winter with
particular attention to northern urban clusters.
Daily variations of PM2.5 and O3 concentrations among
nine urban agglomerations in Pre-lockdown and Lockdown
periods were depicted in Fig. S2. Concretely, daily concentrations of PM2.5 were mostly between CAAQS grade Ⅰ (35 μg/m3 )
and grade Ⅱ (75 μg/m3 ) in CY, YRMR YRD and PRD. After
stringent lockdown restrictions, daily PM2.5 concentrations
declined from Grade Ⅱ to Grade Ⅰ in HC, SP and CP, while 7day and 4-day PM2.5 pollution events still occurred in MSL and
BTH in Lockdown period. Additionally, O3 -8 hr shows prominent rising trend except for PRD, increasing from the CAAQS
grade Ⅰ level (100 μg/m3 ) to grade Ⅱ level (160 μg/m3 ) in Postlockdown period. In large urban areas like YRD, PRD, North
China Plain (including BTH, CP and SP), O3 formation is VOClimited (Xue et al., 2014). Study results of Li et al. (2019) illustrated that in the North China Plain the chemistry of PM2.5
leads to O3 pollution less sensitive to NOx emission controls,
underscoring the necessity of reducing VOC emissions.

2.2.2.

Diurnal variations of air pollutants

Fig. 6 and Fig. S3 illustrate hourly concentrations of ambient air pollutants in nine urban agglomerations in three periods, which gives insight into chemical and physical interac-
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Fig. 6 – Diurnal variations of hourly concentrations of PM2.5 , NO2 and O3 in nine urban agglomerations in Pre-lockdown,
Lockdown, and Post-lockdown periods.

tions of air pollutants with different emission sources. Overall, the peak value time of air pollutants were not significantly
altered by lockdown measures, which may demonstrate that
variations of boundary layer height and meteorological factors play a dominant role in variations of pollutant concentrations with comparison to reduced human activities. Simultaneously, hourly concentration differences of six pollutants
(except for O3 ) among urban clusters have narrowed prominently and diurnal variations became more similar during
Lockdown and Post-lockdown periods.
Compared to Pre-lockdown period, diurnal variations of
PM concentrations in HC, MSL, CP and SP were more moderate with the implementation of lockdown measures. Hourly
NO2 concentrations presented an obvious bimodal distribution, with peak values occurred at around 8:00 and 21:00 in
Pre-lockdown and Lockdown periods. The lowest NO2 value
occurred at 14:00, which is probable due to the highest boundary layer height (Pan et al., 2019) and photochemical oxidation reactions for CO and NO2 . Hourly O3 concentrations were
peaked and bottomed at 15:00–16:00 and 7:00–8:00 respectively, indicating that the maximum O3 value in the afternoon
was mainly the result of photochemical reactions under intense solar radiation, resulting in the consumption of CO and

NO2 (Yin et al., 2019). The extreme high hourly O3 concentration in PRD from 13:00 to 19:00 in Pre-lockdown period may
explain that O3 concentrations anomalously decreased by 21%
in Lockdown period.

2.3.

Meteorological influences on PM2.5 and O3

2.3.1. Relationships between meteorological factors and PM2.5
and O3
As discussed above, severe PM2.5 pollution emerged even after
the lockdown and O3 concentration in nine urban agglomerations showed strong increasing trends. Thus, special attentions should be paid to meteorological factors, which are crucial to the formation, accumulation and dispersion of PM2.5
and O3 . Meteorological factors in 2020 and 2019 including Air
Pressure (P), Precipitation (R), Relative Humidity (RH), Sunlight
Duration (S), Temperature (T), Wind Speed (W) were transformed to the dimensionless form ranging from 0 to 1. Pearson
correlation coefficients between meteorological factors and
PM2.5 and O3 were calculated as displayed in Fig. 7.
Negative relationship occurred between wind speed and
PM2.5 in all urban regions except for CP in three periods.
Decreased negative Pearson coefficients were observed be-
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Fig. 7 – Correlation coefficients between meteorological factors (MFs) (a) PM2.5 and (b) O3 concentrations and variations of six
MFs in 2020 (c) and 2019 (d) in nine urban agglomerations during Pre-lockdown, Lockdown and Post-lockdown periods.

tween precipitation/relative humidity and PM2.5 after lockdown, especially in CY, YRMR, YRD and PRD. Relative humidity had stronger positive relationship with PM2.5 after lockdown in BTH, CP and SP. Wind speed increased by ∼20% from
Pre-lockdown period (1.54–2.65 m/sec) to Lockdown and Postlockdown periods (1.82–3.24 m/sec), which can accelerate the
dispersion of PM2.5 . Precipitation can reduce PM2.5 concentrations owing to the washing effect, however, the effect is insignificant without sufficient precipitation (< 1 mm) in north-

ern urban agglomerations. Slight reduction of relative humidity in BTH, CP and SP occurred in Lockdown and Postlockdown Periods compared to Pre-lockdown period, which is
favorable for the deposition of particulate matter. Although
distribution and variation of wind speed in 2020 is similar to
that in 2019, PM2.5 reduction since lockdown is higher than
last year, showing that reduced human activities contributed
to the PM2.5 decrease. In Post-lockdown period, with low precipitation and relative humidity, the increment rate of wind
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Fig. 8 – Trajectory cluster analysis of Harbin (in HC), Shenyang (in MSL), Beijing (in BTH), Zhengzhou (in CP), Jinan (in SP),
Chengdu (in CY), Wuhan (in YRMR), Shanghai (in YRD) and Guangzhou (in PRD) in (a) Pre-lockdown and (b) Lockdown
periods.
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speed in HC, MSL, BTH, CP and SP (26%–35%) is much lower
than that in 2019 (42%–71%). However, the ROCP of PM2.5 concentration (51%–62%) is higher than ROCP-2019 (15%–46%), from
which we can conclude that lockdown measures are effective
for the PM2.5 alleviation in northern urban agglomerations.
The relationship between MFs and O3 was stronger than
that between MFs and PM2.5 and the correlation coefficients
increased except for wind speed after the lockdown as shown
in Fig 7b. Strong positive relationship occurred between temperature/sunlight duration and O3 in most urban regions, similar to previous studies which found that temperature and
sunlight duration are the most important driving factors of
ozone (Liu et al., 2020; Chen et al., 2020). And negative coefficients decreased between precipitation/relative humidity
and O3 after lockdown, especially in CP, SP, YRMR, YRD and
PRD. Air pressure was more negative correlated with O3 in
Lockdown and Post-lockdown periods. Relative humidity, precipitation and pressure had slight decrease after the lockdown, which may contribute to the increase of ozone. Compared to the Pre-lockdown period, temperature and sunlight
duration had minimal change in Lockdown period and increased significantly in Post-lockdown period. Mean O3 concentration in Lockdown period displayed upward trends (30–
79%) in urban agglomerations except for PRD, higher than the
ROCL-2019 (16%–61%), showing that the weakened titration effect (NO+O3 →NO2 +O2 ) because of falling NO along with NO2
contribute a lot to the ROCL of O3 (Pei et al., 2020; Sicard et al.,
2020). However, ROCP (ROCP-2019 ) of O3 were 91% (129%) in
SP, 54% (87%) in HC and 127% (159%) in BTH, demonstrating
weaker increase of O3 in Post-lockdown period of 2020 compared to 2019. There are two possible reasons for such phenomenon: one is that the atmospheric NO concentration rebounded along with NO2 , resulting in strengthened titration
effect which accelerated ozone consumption; the other is that
the sunlight duration in Post-lockdown of 2020 is around one
hour less than that in 2019, which is unfavorable for the photochemical production of ozone. The abnormal ROCL (-21%) and
ROCP (2%) of PRD were partially owing to the high concentration in Pre-lockdown period (83.07 μg/m3 , > 20 μg/m3 than the
rest urban clusters). Another reason was that extremely high
precipitation (5.53 mm) in Lockdown period and high relative
humidity (87.98%) together with only two-hour sunshine were
unfavorable for the ozone growth and accumulation.

2.3.2.

Backward trajectory analysis

To study the long-distance transport of air pollutants, a 36 h
backward trajectory cluster analysis in the typical cities of urban agglomerations in three periods was conducted as presented in Fig. 8 and Fig. S4. For Harbin (in HC), Shenyang
(in MSL) and Beijing (in BTH), over 80% of air masses in
Pre-lockdown period were from Mongolia and Inner Mongolia Province, where dust storms frequently occur. In Lockdown and Post-lockdown periods, except for ∼50% of air
masses from Mongolia and Russia, they were also influenced
by over 30% air masses from high PM regions. Zhengzhou (in
CP) and Jinan (in SP) were mainly affected by the air mass
originated from CP (cluster 1, 68%) and SP (cluster 1 and 3,
71%). The air masses originated from BTH, YRMR and Shanxi
province increased after the lockdown. Air masses in Pre-

lockdown period affecting Chengdu (in CY) and Wuhan (in
YRMR) mostly originated from CY and YRMR, which had no
significant change in Lockdown and Post-lockdown periods.
In Pre-lockdown period, Shanghai (in YRD) and Guangzhou (in
PRD) were dominantly affected by air masses from both surrounding regions (YRD and PRD, around 50%) and the sea (the
Yellow Sea and the South Sea, ∼50%). While long-range transport air mass from BTH and YRMR increased by 30% for Shanghai and Guangzhou respectively after the lockdown. Overall,
compared to the Pre-lockdown period, HC, MSL and BTH suffered from more air mass originated from adjacent highly
polluted urban agglomerations, and YRD and PRD had more
long-range transport air mass passing over BTH and YRMR
probably with higher concentration of pollutants in Lockdown
and Post-lockdown periods. Therefore, the lockdown measures have reduced emissions of anthropogenic pollutants,
and then may mitigate the pollution of long-distance transmission.

3.

Conclusions

This study investigated the spatiotemporal variations of six
air pollutants in nine typical urban agglomerations in China
using hourly ground-based data from 1 January to 30 April
2020 and analyzed meteorological impacts on PM2.5 and O3
before and after the lockdown. Results show that concentrations of PM2.5 , PM10 , NO2 , SO2 and CO decreased by 18%–45%
(30%–62%), 17%–53% (22%–39%), 47%–64% (14%–41%), 9%–34%
(0–53%) and 16%–52% (23%–56%) respectively in Lockdown
(Post-lockdown) period relative to Pre-lockdown period for
nine urban agglomerations. Hourly concentration differences
of air pollutants (except for O3 ) among urban clusters have
narrowed prominently and diurnal variations became more
similar after the lockdown. NO2 represented the biggest
ROCL (∼60%) in CP, SP and PRD, while it rebounded in Postlockdown period, especially in CY, YRMR, YRD and PRD with
an increase of 40%, underscoring that mitigation of NO2
from the vehicles ought to be a high priority for future
work.
Daily PM2.5 concentration in Lockdown period ranged between grade Ⅰ to grade Ⅱ standard, with PM2.5 pollution events
occurred in BTH and MSL, and daily O3 concentration in
Post-lockdown period increased significantly to grade Ⅱ level
except for PRD. Under low precipitation, low relative humidity and wind speed which had a smaller increase compared with 2019, the ROCP of PM2.5 concentration (51–62%)
is more than the ROCP-2019 (15%–46%) in HC, MSL, BTH, CP
and SP, showing that lockdown measures are effective to
the PM2.5 alleviation. Although general O3 concentration increased from 58.63 to 95.89 μg/m3 during the whole lockdown, its increment rate declined compared with 2019 under similar greatly increased sunlight duration and temperature. Additionally, unlike HC, MSL and BTH, which suffered
from additional (> 30%) air masses from adjacent urban agglomerations, the polluted air masses reaching YRD and PRD
mostly originated from the long-distance transport after the
lockdown.
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