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Abstract: COVID-19 control measures had a significant social and economic impact in Guangdong
Province, and provided a unique opportunity to assess the impact of human activities on air quality.
Based on the monitoring data of PM2.5, PM10, NO2, and O3 concentrations from 101 air quality moni-
toring stations in Guangdong Province from October 2019 to April 2020, the PSCF (potential source
contribution factor) analysis and LSTM (long short-term memory) neural network were applied to
explore the impact of epidemic control measures on air quality in Guangdong Province. Results
showed that during the lockdown, the average concentration of PM2.5, PM10, NO2, and O3 decreased
by 37.84%, 51.56%, 58.82%, and 24.00%, respectively. The ranges of potential sources of pollutants
were reduced, indicating that air quality in Guangdong Province improved significantly. The Pearl
River Delta, characterized by a high population density, recorded the highest NO2 concentration
values throughout the whole study period. Due to the lockdown, the areas with the highest con-
centrations of O3, PM2.5, and PM10 changed from the Pearl River Delta to the eastern and western
Guangdong. Moreover, LSTM simulation results showed that the average concentration of PM2.5,
PM10, NO2, and O3 decreased by 46.34%, 54.56%, 70.63%, and 26.76%, respectively, which was caused
by human-made impacts. These findings reveal the remarkable impact of human activities on air
quality and provide effective theoretical support for the prevention and control of air pollution in
Guangdong Province.

Keywords: COVID-19 epidemic control; potential source factor; long short-term memory neural
network; Guangdong Province

1. Introduction

Air pollution not only causes abnormal weather and climate but also poses a huge
threat to public health [1]. Air pollutants come from various sources, including oil refining
and gas combustion, vehicle, and traffic emissions, incomplete combustion of heavy and
industrial machinery, open-air waste burning, and biomass [2]. Since the reform and
opening up, China’s economy has entered a stage of rapid development, increasing air
pollution and other problems [3]. As the province with the largest population in China,
Guangdong Province has remarkable air quality problems. According to the “Report on the
State of the Ecological Environment in Guangdong Province in 2020” from the website of the
Department of Ecology and Environment of Guangdong Province (http://gdee.gd.gov.cn/
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(accessed on 1 July 2021)), O3 is the major pollutant in this province, accounting for 68.7%
of total pollution, followed by PM2.5 and PM10, accounting for 15.8% and 8.3%, respectively.
Industrial production and vehicles were major emitters of the pollutants including PM2.5,
PM10, NOx, and VOCs. What is worse, NOx and VOCs would react in sunlight and produce
O3. Government of Guangdong Province has formulated a series of measures to deal with
the problems caused by air pollution, including coal burning reduction, industrial structure
adjustments, strict controls on high energy consumption and highly polluting industries,
and vigorous promotion of clean production [4]. However, relevant measures need to strike
a balance between the need to effectively tackle air pollution and to avoid affecting normal
human production activities. Hence, it is essential to investigate the impact of human
production activities on air pollution in periods of social lockdown.

After first being detected in early 2020 in Wuhan, China, COVID-19 spread rapidly
around the world owing to its high contagiousness. In response to the COVID-19 out-
break, Guangdong Province announced a level-1 public health emergency response on
23 January 2020. The government took unprecedented isolation measures including an
economic shutdown, school, and business suspension, and social distance. What is more,
public transportation such as shipping and flights were interrupted, all public places were
closed, people were required to stay at home, and human activities were restricted to those
necessary to meet minimum living needs [5]. On 24 February, the emergency response
was relaxed uniformly across the whole region. Most workplaces and public places were
reopened, including restaurants, parks, scenic spots, museums, and public libraries. People
were allowed to return to work and school, and public transport was resumed.

Several researchers have conducted various studies on significant changes in air
quality during the COVID-19 lockdown. It was found that concentrations of standard
pollutants such as O3, NO2, PM2.5, and PM10 have decreased to varying degrees in different
cities around the world, mainly thanks to epidemic control measures [6,7]. However, in
some cities such as Baghdad, Iraq, and Vienna, Austria, even if air quality has improved,
O3 concentration has increased [8,9]. As for China, researchers found that air quality
had improved, highlighting industrial and residential emissions as the main drivers of
air quality deterioration [10,11]. Moreover, studies focusing on the regional scale found
that, although pollutant concentration in most cities showed a downward trend [12,13],
air quality deteriorated in some cities (such as Jinan and Zhengzhou) due to unfavorable
meteorological conditions [14]. Hence, it is evident how, in some cases, although epidemic
control proved to improve air quality to a great extent, man-made emission reduction
could not completely offset the impact of adverse meteorological factors [15]. To date,
very little research exists on the impact of COVID-19 control measures on air quality in
Guangdong Province. To fill this gap, in this study we combined air quality monitoring
data and meteorological data to analyze the air quality situation in Guangdong Province
during the COVID-19 closure period, as well as the impact of epidemic prevention and
control measures on air quality, thereby providing a scientific reference for the prevention
and control of air pollution in Guangdong Province.

2. Materials and Methods
2.1. The Study Area

Guangdong Province (108◦42′~116◦19′ E, 20◦08′~25◦29′ N) is located in the south-
ernmost part of mainland China, with an area of 179,700 km2 (Figure 1). According to
the Guangdong Statistical Yearbook, it has 21 cities, including 4 megacities (Guangzhou,
Foshan, Shenzhen, and Dongguan), and about a total of 86.50 million permanent residents.
Its GDP was about CNY 11,076.09 billion which ranked first in 2020 and ranked first in
the country for 32 consecutive years. The statistics were obtained from the website of the
Guangdong Provincial Bureau of Statistics (http://www.stats.gd.gov.cn/ (accessed on 1
July 2021)). Moreover, Guangdong Province, with the largest import and export trade in
China, is also the engine of economic development of the Guangdong–Hong Kong–Macao
Greater Bay Area, which is one of the four largest bay areas in the world [16]. However,

http://www.stats.gd.gov.cn/
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rapid economic development, population growth, and the acceleration of urbanization
have generated serious air quality problems. Since Guangdong Province’s population, as
well as its economic and transportation development, are among the highest in the country,
studying the impact of the measures of prevention and control of the COVID-19 epidemic
on air quality in this province is of reference for the whole country [17].
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Figure 1. Location of administrative divisions and air quality monitoring stations in the Guangdong
Province.

2.2. Data

Following the control and prevention measures taken by Guangdong Province in
response to the COVID-19 outbreak, the study period was divided into three phases: a
pre-lockdown period (from 1 October 2019 to 22 January 2020); a Lockdownlockdown
period (from 23 January 2020 to 24 February 2020); and a post-lockdown period (from 25
February 2020 to 31 April 2020). Hourly air quality data on PM2.5, PM10, NO2, and O3 from
101 monitoring stations in Guangdong from October 2019 to April 2020 were obtained from
the website of the China National Environmental Monitoring Center (https://cnemc.cn/
(accessed on 1 July 2020)). Meteorological data for the same period were obtained from
the Global Data Assimilation Forecast System (GDAS) used by the National Center for
Environmental Prediction (NCEP), with a temporal resolution of 6 h per day and a spatial
resolution of 1◦ × 1◦, which could be downloaded from the website of National Oceanic
and Atmospheric Administration (https://www.noaa.gov/ (accessed on 1 July 2020)).

2.3. Methods
2.3.1. The Potential Source Contribution Factor Analysis

The potential source contribution factor analysis (PSCF) is a method to identify the
potential source location based on the conditional probability function based on backward
trajectory calculation [16]. Based on the simulation results of the backward trajectory, a
rectangular grid (i, j) is created, and the resolution was determined by the coverage area
of the trajectory as 1◦ × 1◦. The average concentration of pollutants during the study
period was set as the threshold value. When the pollutant concentration of the track was
higher than the threshold, it was marked as the pollution track. By comparing the number

https://cnemc.cn/
https://www.noaa.gov/


Sustainability 2022, 14, 7853 4 of 14

of pollution track endpoints passing through the grid (i, j) with the number of all track
endpoints falling in the grid (i, j), the result of the PSCF was obtained. The calculation
formula employed is as follows:

PSCFij =
mij

nij
(1)

To reduce the influence of errors caused by the small sample quantity n of the condi-
tional probability function, a weight coefficient was introduced. When the value in a grid
nij was less than three times that of the average track breaking points of each grid in the
research area, the weight coefficient was used to reduce the uncertainty of the PSCF [18].
The calculation formula of the weighted PSCF (WPSCF) is as follows:

WPSCFij =
mij

nij
Wij (2)

Wij =


1.00 3nave < nij

0.70 1.5nave < nij < 3nave
0.42 nave < nij < 1.5nave
0.17 nij < nave

(3)

where nave is the average number of track endpoints of each grid.

2.3.2. Long Short-Erm Memory Neural Network

The LSTM neural network, as a time-recurrent neural network suitable for air quality
prediction, was introduced by Hochreiter and Schmidhuber [19]. It could freely choose
which input features are needed as the predicted influence conditions and retain the
changing trend of temporal characteristics. LSTM consists of three gates including forget,
update, and output gates [20]. The forget gate decided the information of the air quality
data to be remembered. The update gate would determine the input information of the air
quality data whether to be preserved, and the output gate decided what information of the
air quality data will be output. The specific calculation formula is as follows:

The forget gate ( ft) decides the information to remove from the current cell.

ft = σ
(

W f [ht−1, xt] + b f

)
(4)

where ht−1 is the output of the previous cell and σ is a sigmoid transfer function., xt
represents the air quality data at the moment t. W f and b f are the weights for the current
input state in the forget gate and forget gate bias, respectively.

The update gate (ut) decides the information to update into the current cell.

ut = σ(Wu[ht−1, xt] + bu) (5)

Ct = tanh(WC[ht−1, xt] + bC) (6)

The candidate for replacing the memory cell (Ct) is computed in the input block with
model input (ht−1). Where WC and bC are the weights for the current input state and input
block bias, respectively. Additionally Wu and bu are the weights for the current input state
in the update gate and update gate bias, respectively.

The output gate (ot) decides the output of the recurrent cell and input to the current
state.

ot = σ(Wo[ht−1, xt] + bo) (7)

ht = ot ∗ tanh(Ct) (8)

where (Wo) and (bo) are the weight for the current input state in the output gate and output
gate bias, respectively. The current output state (ht) is obtained by utilizing the information
from the self-looped cell state (Ct) and output gate (ot).
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In this paper, the performance of the LSTM model was estimated by root-mean-square
error (RMSE), which is widely used for measuring the residuals between values observed in
regression analysis [21,22]. RMSE corresponds to the square root of the average of squared
errors, as defined in Equation (9):

RMSE =

√
1
n

n

∑
i=1

(ŷi − yi)
2 (9)

where ŷi is the predicted pollutant concentration, yi correspond to the observed pollutant
concentration, and n is the number of test samples.

3. Results and Discussion
3.1. Variation Trend of Air Quality in Guangdong

The hourly concentration data of PM2.5, PM10, NO2, and O3 from 101 monitoring
points, after filtering out missing and abnormal values, in Guangdong Province during
the study period were averaged to obtain the daily changes (see Figure 2). The difference
in the average concentration of PM2.5, PM10, NO2, and O3 in the three phases was used
to calculate their percentage change (see Table 1). Results show that in the pre-lockdown
period, the average concentrations of PM2.5, PM10, NO2, and O3 were 37 µg/m3, 64 µg/m3,
34 µg/m3, and 75 µg/m3, respectively, thus reaching the ambient air quality standard.

Table 1. Percentage change in the concentrations of PM2.5, PM10, NO2, and O3 in Guangdong
Province during the study period.

Indicator (Unit:
µg/m3) PM2.5 PM10 NO2 O3

Pre-Lockdown 37 64 34 75
Lockdown 23 31 14 57

Percentage change −37.84% −51.56% −58.82% −24.00%
Post-Lockdown 24 41 26 58

Percentage change 4.35% 32.26% 85.71% 1.75%

During the lockdown period, the average concentrations of PM2.5, PM10, NO2, and
O3 were 23 µg/m3, 31 µg/m3, 14 µg/m3, and 57 µg/m3, respectively. Compared to the
pre-lockdown phase, these concentrations dropped by 37.84%, 51.56%, 58.82%, and 24.00%,
respectively. Motor vehicle travels, industrial production, and other human activities
generate a lot of air pollutants, such as PM2.5, PM10, NO2, and VOCs. In response to
the COVID-19 outbreak, the epidemic control measures, such as suspended individual
travel and closed factories, restaurants, and construction sites, have put the society of
Guangdong Province on hold, significantly reducing emissions of pollutants, therefore, the
average concentrations of PM2.5, PM10, NO2, and O3 showed a large fluctuation [23,24].
Additionally, PM2.5 sources are wider and more variegated than PM10 sources. Therefore,
the reduction of human activities has a greater and more direct impact on PM10 [25].

In the post-lockdown period, the average concentration of NO2 increased clearly,
reaching as high as 26 µg/m3, i.e., 85.71% higher than that during the lockdown period.
Industrial emissions and motor vehicle emissions were the main emission sources of
NO2. Therefore, adjusting the industrial structure and controlling the number of motor
vehicles circulating might effectively control NO2 concentration [26]. Moreover, during this
period, the average concentrations of PM2.5, PM10, and O3 were 24 µg/m3, 41 µg/m3, and
58 µg/m3, respectively, with an increase of 4.35%, 32.26%, and 1.75%, respectively, over
the lockdown period. During the post-lockdown, the resumption of factory work and of
transportation, and the reactivation of human activities have led to a rapid increase in the
number of emission sources, which caused a rapid increase in PM10 concentrations.
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Figure 2. Changes in the concentration of PM2.5, PM10, NO2, and O3 in Guangdong Province during
the study period.

3.2. Spatial Characteristics of Air Quality

The spatial characteristics of the changes in the concentrations of PM2.5, PM10, NO2,
and O3 in the three periods investigated were obtained by using the Kriging interpolation
from the average concentration of the 101 monitoring stations in Guangdong Province
(see Figure 3). During the pre-lockdown period, the spatial characteristics of PM2.5, PM10,
and NO2 exhibited clear similarities. Before the lockdown, the concentrations in the Pearl
River Delta were higher than in other areas and were mainly driven by the high population
density and industrialization. In addition, the topography of Guangdong Province might
also be another reason for this result. As the Pearl River Delta is surrounded by mountains
on three sides and faces the sea on one side, it is easy to form phenomena such as valley
wind, sea-land wind, and heat island circulation, which is not conducive to the diffusion of
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air pollutants across the entire province [27]. The concentration of O3 was higher in the
areas closer to the sea, with a downward gradient from the coastal areas to inland areas.
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Guangdong Province during the study period.

During the lockdown period, the highest concentrations of PM2.5 were recorded in
eastern Guangdong, and those of PM10 in the cities of Maoming, Qingyuan, and Jieyang.
The high-concentration areas of NO2 and O3 remained almost the same as before the
lockdown, indicating that the spatial distribution characteristics of these two pollutants
were less affected by it.



Sustainability 2022, 14, 7853 8 of 14

During the post-lockdown phase, the coastal areas of eastern Guangdong recorded
the highest concentrations of PM2.5, PM10, and O3. The spatial distribution of NO2 was
similar to that in the previous phases, with the highest concentrations in the Pearl River
Delta region where human activities were concentrated. The COVID-19 epidemic control
measures had a greater impact on the spatial distribution characteristics of particulate
pollutants (PM2.5 and PM10). The spatial distribution characteristics of pollutants in the
Pearl River Delta region were significantly affected by the blockade measures, and the air
quality was improved significantly.

3.3. Meteorological Characteristics

Temperature and relative humidity are two important climate indicators affecting air
quality. Moreover, air pollution often occurs under unfavorable meteorological conditions.
Temperature considerably influences air stability, playing an important role in particle
accumulation or spreading. When the temperature is low, the atmosphere is relatively
stable; pollutants cannot diffuse easily, and their mass concentration is higher. On the
contrary, when the temperature rises, air convection becomes more frequent, which is
conducive to the dilution and diffusion of air pollutants [28]. In parallel, low humidity may
raise a large amount of dust from the ground, which leads to an increase in the concentration
of particulate matter. Rainfall occurs as air humidity increases, raising the wet deposition of
particulate pollutants [29]. Figure 4 shows the variations in daily temperature and relative
humidity data during the study period. Temperatures showed a slight decrease trend,
while relative humidity showed a slight increase trend, both hindering the diffusion of
pollutant concentrations.
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Wind direction and speed are also important factors affecting air quality [30]. The
speed of the wind is inversely proportional to the concentration of pollutants in the air. In
the case of low wind speeds, pollutants in the atmosphere are not easily diffused, and their
concentration in the air is higher. Figure 5 shows the wind rose chart based on wind speed
and direction data for Guangdong Province in the three periods investigated, reflecting
the diffusion effect of wind conditions on pollutants [31]. During the pre-lockdown period,
northwesterly, northerly, and northeasterly winds, as the dominant winds, had a high
speed. The average wind speed was 2.74 m·s−1, and the days without wind accounted for
8.8% of the whole study period. During the lockdown period, the dominant wind direction
and wind speed were similar to the pre-lockdown period, with northerly and northeasterly
winds being dominant. The average wind speed was 2.24 m·s−1, and the calm period
accounted for 10.8% of the total. During the post-lockdown period, the southeasterly
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winds prevailed. The average wind speed during this period was 2.55 m·s−1, and the
windless period accounted for 7.1% of the total. These results show that the meteorological
characteristics in the three periods were similar. Therefore, we can conclude that air quality
changes in Guangdong Province during the COVID-19 control measures period were not
closely related to meteorological factors.
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3.4. Analysis of Potential Sources of Pollutants

In this paper, we used the PSCF method to determine the potential source range of
pollutants by using the air mass trajectory and the concentration of four pollutants in
Guangdong Province during the study period (see Figure 6). The PSCF output is made up
of the grids which are marked by the pollution track, which reflects changes in potential
geographic sources of air pollutants, including the location, degree, and range of pollution.
When the air pollution is severe, more grids would be marked, and the range of potential
pollutant sources is larger. Higher values of WPSCF in a region indicate that area could be
the main source of air pollutants [32]. To indicate the pollution degree of potential source
areas, WPSCF values were classified as indicating a mild (0–0.3), moderate (0.3–0.7), or
severe (0.7–1) pollution [10]. Before the lockdown, although the range of potential pollution
sources of PM2.5, PM10, and NO2 were similar, the main source area of air pollutants and
the degree of pollution were different. Heyuan and Huizhou were the major potential
source of PM2.5, while the Pearl River Delta was the major potential source of PM10 and
NO2. The potential sources of O3 were distributed in a wider range, with the farthest being
the Shanxi Province, and with Ganzhou and Putian as the greatest contribution sources.
The pollution generated by the PM2.5 and NO2 source areas was moderate and heavy,
respectively, while that generated by the PM10 and O3 source areas was mild and moderate,
respectively.

During the lockdown period, the main potential source area of PM2.5 was still the Pearl
River Delta, while the range of the contribution was more concentrated. On the contrary,
PM10 was most widely distributed in this period, and its main potential contribution sources
were the Pearl River Delta and the South China Sea. The potential source areas of NO2 were
scattered, reaching as far as Yuncheng City in Shaanxi, while the potential source areas
of O3 were mainly distributed in northern Guangdong and southern Fujian. During this
period, the potential source areas of pollutants were mainly mildly or moderately polluted;
moreover, the main pollutants affecting air quality in Guangdong Province during the
lockdown period were mostly generated locally and offshore.
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During the post-lockdown period, the potential source ranges of PM2.5, PM10, and
NO2 were similar, and their main source location was the ocean. The main potential source
of O3 contribution was located at the junction of three provinces, namely Hunan, Fujian,
and Guangdong. Moreover, the potential source range of PM2.5, PM10, NO2, O3, and the
range of heavy pollution expanded. During the lockdown, the potential source ranges
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of pollutants are more concentrated and the degree of pollution is lower. Additionally,
the potential geographic sources of air pollutants have shifted from land to the ocean.
Considering that meteorological factors had a relatively small impact on air quality, we
could conclude that the improvement of air quality in Guangdong Province was mainly
due to epidemic control measures.

3.5. The Impact of COVID-19 Control Measures on Air Quality

As changes in air quality were mainly caused by human activities and natural factors,
the contribution of meteorological factors to air pollutants was estimated based on the
assumption that human activities remain unchanged during the period. The machine
learning algorithm (LSTM neural network) was used in much research and proved its
efficiency and accuracy [33,34]. In this paper, the LSTM neural network model was pro-
posed to forecast daily pollutants concentration in Guangdong Province by employing
historical pollutant (PM2.5, PM10, NO2, O3) concentrations and meteorological parameters
(temperature, relative humidity, wind speed, precipitation, and wind direction) as inputs.
The training dataset was from 1 January 2017, to 30 August 2019, and the validation dataset
was from 1 September 2019, to 30 September 2020. Through continuous optimization of
hyperparameters in LSTM, the results were output when the Pearson correlation coefficient
(R) between the predicted value and the verification value of most pollutants exceeds 0.8.
In this study, with the Rs of PM2.5, PM10, and O3 except for NO2, over 0.8, the predicted pol-
lutants were output. The RMSEs of the predicted PM2.5, PM10, NO2, and O3 concentrations
were 7.36 µg/m3, 7.16 µg/m3, 3.69 µg/m3, and 7.78 µg/m3, respectively, and the predicted
results were fitted. Finally, the impact of air quality by epidemic control and emission
reduction during the lockdown was evaluated. This work is summarized as follows:

∆d = b− a (10)

where ∆d is the concentration of pollutants caused by meteorological, a and b are simulated
pollutant concentrations during the pre-lockdown and lockdown, respectively.

∆e = c− ∆d (11)

where ∆e is the concentration of pollutants caused by epidemic control, c is the real differ-
ence value between the pre-lockdown period and lockdown periods.

As illustrated in Table 2, the concentrations of PM2.5, PM10, NO2, and O3 increased
by 2.83 µg/m3, 2.29 µg/m3, 4.50 µg/m3, and 2.00 µg/m3 owing to meteorological factors,
shown as ∆d, while ∆e indicated the actual decrease of PM2.5, PM10, NO2, and O3 during
the epidemic control. After excluding the influence of meteorological factors from ∆e, the
contribution of human activities to atmospheric pollutants was calculated as c. The decrease
rates of NO2, PM2.5, PM10, and O3 were 70.63%, 46.34%, 54.56%, and 26.76%, respectively,
by emission reduction, indicating that the epidemic control has dramatically reduced
the emission of pollutants from traffic sources and industrial sources, and consequently
resulted in a substantial decrease in pollutants.

Table 2. Effects of meteorological conditions and COVID-19 control measures on air quality under
constant emission sources.

Pollutants c ∆d ∆e
The Contribution
of Meteorological

Factors

The Contribution
of Epidemic

Control

PM2.5 −14.37 2.83 −17.20 7.62% −46.34%
PM10 −32.50 2.29 −34.79 3.59% −54.56%
NO2 −19.31 4.50 −23.81 13.35% −70.63%
O3 −18.15 2.00 −20.15 2.66% −26.76%
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4. Conclusions

In order to systematically assess the impact of the COVID-19 control measures on air
quality in Guangdong Province, the were calculated concentration of pollutants, meteoro-
logical characteristics, and air mass trajectories during the pre-lockdown, lockdown, and
post-lockdown were applied to PSCF and PSCF. The results showed that the concentra-
tions of PM2.5, PM10, NO2, and O3 in Guangdong Province dropped by 37.84%, 51.56%,
58.82%, and 24.00%, respectively. During the post-lockdown period, the concentration
of NO2 increased remarkably, while the concentration of PM2.5 and O3 increased slightly.
In addition, the spatial distribution characteristics of particulate matter (PM2.5 and PM10)
were more influenced by lockdown measures than for NO2 and O3. During the lockdown
period, the distribution range of potential pollution sources was smaller, and the potential
source areas of pollutants were mildly or moderately polluted. LSTM simulation results
showed that reduction in human activities led to the concentrations of PM2.5, PM10, NO2,
and O3 decreasing by 46.34%, 54.56%, 70.63%, and 26.76%, while the concentrations caused
by negative meteorological factors raised 7.62%, 3.59%, 13.35%, and 2.66%. This indicates
that COVID-19 epidemic control measures have a positive effect on air quality in Guang-
dong Province and the improvement of air quality was mainly due to the shutdown and
production shutdown during the COVID-19 epidemic control instead of meteorological
factors and transportation of air mass trajectories.

Economic and human activities lead to an increase in the emission of air pollutants,
thus causing air quality deterioration. Although the blockade has caused economic stagna-
tion, the evident improvement in air quality in our study showed that human activities
should definitely be considered in the management of urban air quality. The harmonious
development of economic development, human activities and air quality should be further
explored as a priority in the coming years.
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