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During the lockdown implemented to curb the spread of COVID-19, human activities have
drastically reduced, providing a valuable opportunity to study and compare the impact of
meteorological conditions and human activities on air quality. In this study, large-scale
weather circulation, local meteorological conditions, and the impact of human activities are
comprehensively considered, and changes in the concentration of major air pollutants in
the northeast during this period are systematically studied. The large-scale weather
circulation patterns that mainly affect the northeast region are divided into nine types
by using the T-mode Principal components analysis objective circulation classification
method. It is found that the northeast region is located at the edge of weak high pressure
(Types 1, 2, and 7) and at the rear of high pressure (Type 4) and has higher concentrations
of PM2.5, NO2, SO2, and CO; in cyclonic weather systems, low vortices (Types 3 and 5)
and under the influence of the updraft (Type 6) in front of the trough, the ozone
concentration is higher. The changes in the concentrations of PM2.5, NO2, CO, SO2,
and O3 in the three cities, namely Shenyang, Changchun, and Harbin, during the lockdown
period are compared, and it is found that the concentrations of PM2.5, NO2, CO, and SO2

have a tendency to first decrease and then increase, while the changes of O3 concentration
are cyclical and increased significantly during this period. This demonstrates that pollutants
such as PM2.5, NO2, CO, and SO2 are more susceptible to human activities and local
meteorological conditions, and changes in O3 concentration are more closely related to
changes in weather circulation types. Finally, the FLEXPART-WRF model is used to
simulate the pollution process of nine circulation types, which confirms that particulate
pollution in the northeast is mainly affected by local emissions and local westward sinking
airflow.
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1 INTRODUCTION

Since 2020, COVID-19 has spread globally (Jiang and Xu, 2021). Since 23 January 2020, the Chinese
government has implemented closed management of cities across the country (China State Council,
2020; Zhao et al., 2020; Sulaymon et al., 2021a). A series of strict control measures, such as reducing
large-scale activities, restricting people’s transportation, shutting down large factories and
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enterprises, and closing schools, has been beneficial in
constraining the rapid spread of the disease (Chen S. et al.,
2020; Liu et al., 2020; Li et al., 2021; Tian et al., 2020; Zhang
et al., 2020; Zhao et al., 2021a). Many studies have also found that
these restrictions have greatly improved the local air quality
(Chen H. et al., 2020; Mahato et al., 2020; Muhammad et al.,
2020; Sulaymon et al., 2021a). Silver et al. (2020) found that the
average concentration of pollutants such as NO2, PM2.5, and
PM10 in China during the lockdown period was significantly
reduced by 27, 10.5, and 21.4%, respectively. The region with the
largest decline was Hubei Province, with NO2 concentration
being 50.5% lower than that expected during the lockdown.
Filonchyk et al. (2020) used satellites to monitor changes in
the concentration of SO2, NO2, CO, and AOD (Aerosol Optical
Depth) in Eastern China during this period and found that during
the COVID-19 lockdown, CO and NO2 concentrations in the
region decreased by 20 and 30%, respectively, because of strict
control of industrial and traffic emissions. Some countries in
Europe, North America, and Africa also implemented strict
lockdown measures, which reduced the concentration of local
pollutants (Xiang et al., 2020; Zambrano-Monserrate et al., 2020;
Filonchyk et al., 2021; Mostafa et al., 2021; Skirienė and
Stasiškienė, 2021). Tobías et al. (2020) found that in Spain, the
concentration of pollutants such as NO2 and PM10 decreased
considerably during the lockdown. Berman and Ebisu, (2020)
showed that the PM2.5 concentrations declined in the counties in
the United States that implemented strict lockdown measures.
Venter and Kristin, (2020) showed that isolation measures
reduced the concentration of NO2 and particulate matter in 34
countries and regions by approximately 60 and 31%, respectively,
and that the effect on ozone was mixed. Dinoi et al., 2021 showed
that different percentage reductions in atmospheric nanoparticle
concentrations are observed, −19% and −23% in Lecce and −7%
and −4% in Lamezia Terme in southern Italy during lockdown
and postlockdown, respectively. However, some studies have
found that the concentration of pollutants sometimes
increased abnormally during the lockdown (Broomandi et al.,
2020; Dai et al., 2020; Liu et al., 2020; Wang et al., 2020; Zhao X.
et al., 2021; Hong et al., 2021; Li et al., 2021). Sulaymon et al.
(2021b) studied the changes in air quality during the pandemic in
the Beijing-Tianjin-Hebei region of China and found that
unfavourable weather conditions during the COVID-19
lockdown led to increasing PM2.5 pollution in this region.
Hong et al. (2021) studied the changes in the concentration of
pollutants along the southeast coast of China during this period
and found that although traffic, dust, and industrial emissions
decreased significantly by 9, 8.5, and 8%, respectively, the O3

concentration increased by 28.1% compared with that during the
same period in 2019. Liu et al. (2020) studied the changes in air
quality during the pandemic in the Yangtze River Delta and
found that a significant increase in ozone concentration during
the lockdown was caused by emission reduction (29–52%) and
changes in meteorological conditions (17–49%). The increase in
ozone concentration accelerates the formation of secondary
aerosols. Shen et al. (2021) studied the impact of
meteorological conditions on air pollution changes in Hubei,
China, during the COVID-19 lockdown and found that abnormal

vertical wind divergence and northeasterly winds contributed to
the serious PM2.5 pollution. Most studies have only considered
changes in the concentration of pollutants during the pandemic
caused by local meteorological conditions or human activities
(Chang et al., 2020; Huang et al., 2020; Shi and Brasseur, 2020).
However, a few studies have combined large-scale weather
circulation, local meteorological conditions, and meteorological
factors and comprehensively considered the effects of human
activities.

Northeast China is China’s heavy industry base (Li et al., 2015;
Zhao et al., 2017), and biomass burning frequently occurs (Li
et al., 2019; Cheng et al., 2021). This region witnesses a serious air
pollution problem all year round (Ma et al., 2018; Li et al., 2019).
The present study focuses on the relationship among air quality,
weather conditions, and human activities in Northeast China
during the lockdown implemented to control the pandemic. First,
the T-PCA method is used to divide the synoptic circulation
patterns in the northeast region into nine types, analyse the
corresponding local meteorological conditions under each
circulation type, and discuss the effects of circulation patterns
and local weather conditions on changes in the concentration of
main pollutants, namely PM2.5, O3, NO2, SO2, and CO. Then,
based on the proportion of circulation patterns in Northeast
China from January to April during 2016–2020 (defined as
specific period, SP, same below), the changes in pollutant
concentration during the SP period are discussed. Further, the
2020 pandemic lockdown phase is divided into three periods,
before control (BC) unblocked, under control (UC) strictly
blocked, and after control (AC) restricted activity period. The
main circulation patterns in the three periods are analysed and
the causes of abnormal large-scale air pollution during the
epidemic in Northeast China are discussed, combining the
changes in pollutant concentrations in the three periods.
Finally, nine severe pollution events with PM2.5
concentrations exceeding the national secondary standard
(75 μg/m3) under nine circulation patterns are screened, and
the backward plume trajectory is simulated using the
FLEXPART-WRF model to analyse the characteristics of
pollutant transmission.

2 DATA, METHOD, AND MODEL

2.1 Data
2.1.1 Meteorological Data
In this study, we use the fifth-generation atmospheric reanalysis
data ERA5 data set developed by ECMWF to perform circulation
classification, with a horizontal resolution of 0.25 × 0.25. The sea
level pressure field of 500 hPa, geopotential height field of
850 hPa, and wind field at 00:00 UTC time by day from 1979
to 2020 are used to determine the daily circulation pattern. The
space range is 25–60° N, 105–140° E. To analyse the local
meteorological conditions during the study period
(2016–2020) in the northeast region, we use hourly wind field,
humidity, and temperature data from meteorological
observatories in Harbin, Changchun, and Shenyang to
compare the local meteorological conditions, which are
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obtained from the National Climate Data Center (ftp://ftp.ncdc.
noaa.gov/pub/data/noaa/) under the National Oceanic and
Atmospheric Administration of the United States. The
observatories are Harbin Taiping Airport, Changchun Longjia
Airport and Shenyang Taoxian Airport, respectively.

2.1.2 Air Quality Data
Air pollution data are obtained from the China Environmental
Monitoring website (http://www.cnemc.cn). Station-wise data are
released after quality control by the environmental protection
department. In this study, the 24 h average concentration data of
PM2.5, NO2, SO2, and CO and the daily maximum 8 h average
(MDA8) ozone concentration from 30 monitoring sites in
Northeast China in Harbin, Changchun, and Shenyang are
used. We also use the daily PM2.5 concentration data (Geng
et al., 2021) in the near real-time tracking data set (TAP) of
China’s atmospheric composition (spatial range: 25–60° N,
105–140° E; horizontal resolution = 10 km) to reflect the
spatial distribution characteristics of pollutants when serious
pollution occurs under each circulation pattern during
lockdown and to verify the results of the backward simulation
of the pollutant particle trajectory. The data set incorporates
ground observations, satellite remote sensing, emission
inventories, model simulations, and other multi-source data
(Xiao et al., 2021a, 2021b) that can more accurately reflect the
pollution status of the study area.

2.1.3 Study Area
To study the temporal and spatial distribution and change
characteristics of the concentration of major atmospheric

pollutants during the epidemic blockade, in this study, the
northeast region is divided into three regions, namely Harbin
(Northern N), Changchun (Middle M), and Shenyang
(Southern S). All three regions include elements such as
mountains, industrial areas, major cities, villages, and
grasslands, and thus can represent the local meteorological
conditions and the characteristics of the temporal and spatial
distribution of pollutants in the northeast. The scope of the
three regions and the surrounding topography are shown in
Figure 1.

2.2 Circulation Classification Method
To obtain an accurate and stable weather circulation pattern that
affects Northeast China, we use the T-PCA method proposed by
Huth et al. (2008) to classify the large-scale weather circulation in
the northeast. Assuming that the parameter dependence is small,
this method is widely used in the analysis of the impact of large-
scale weather circulation on pollutants (Compagnucci and
Richman, 2008; Zhou et al., 2018; Zhou et al., 2019; Zhao
et al., 2019; Zhao et al., 2021b; Wang et al., 2022). Herein, sea
level pressure field of 850 hPa and wind field and altitude field of
500 hPa are used to comprehensively and accurately explore the
weather types that mainly affect this region. We use the COST733
mode software package based on the FORTRAN language, and
the specific usage has been presented in detail in other studies
(Yan et al., 2021; Zhang et al., 2018; Philipp et al., 2010; Philipp
et al., 2014). Zhang et al. (2012) proved that circulation patterns
are generally divided into nine types in the mid-high latitudes of
the northern hemisphere; a similar classification method is
adopted in this study.

FIGURE 1 | Research area and surrounding terrain.
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2.3 Parameterisation Scheme of the WRF
and FLEXPART-WRF Models
The WRF model can provide accurate weather field variables for
the FLEXPART-WRF model in particle trajectory simulation. In

this simulation, we use two nests; the first nesting is 15 × 15 km2

in horizontal resolution, covering the entire eastern part of China,
and the second nesting is 4 × 4 km2, covering the entire northeast
region. The main parameterisation schemes are Mellor-Yamada-

FIGURE 2 | (A–C) Nine main weather circulation types (SLP) affecting the northeast, 850 hPa geopotential height field and wind field, and 500 hPa geopotential
height field and wind field.
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Janjic (Eta) TKE boundary layer parameterisation scheme, Noah
land surface scheme (Chen et al., 2006), WSM 3-class simple ice
scheme (Hong et al., 2004), Kain-Fritsch (new Eta) Cumulus
convection parameterisation scheme (Kain, 2004), Monin-
Obukhov (Janjic Eta) surface layer scheme (Nakanishi and
Niino, 2006), RRTM longwave radiation scheme (Mlawer
et al., 1997), and Dudhia shortwave radiation scheme (Dudhia,
1989). The initial and boundary conditions of the model use fnl
(Final) Operational Global Analysis 6-h data per day (horizontal
resolution 0.25◦×0.25◦) from the National Centers for
Environmental Prediction (NCEP), and the model outputs the
results every 30 min.

Furthermore, we use the FLEXPART-WRF version 3.3 of the
Lagrangian particle diffusion model (Brioude et al., 2013) that
uses the function of backward simulation of particle trajectory.
Because Changchun is located in the middle of the northeast, it is
more susceptible to pollution particles from the south, north, and
surrounding areas; therefore, the Changchun area (143.35N,
43.88E) is selected as the particle release point. The model
releases particles uniformly every 1 h during the nine types of
simulation periods (24 h) in Changchun area; overall, 50,000
particles are released throughout the simulation period. A total of
five layers of vertical stratification (10, 100, 500, 1,000, and
5,000 m) are set up. The release height of particle clusters is
10–1,000 m, and the horizontal resolution is 0.125 × 0.125. The
model comprehensively considers the processes of release
transmission, turbulent diffusion, and dry and wet
sedimentation and simulates the dispersion and aggregation of
particles, possible source distributions, and other conditions by
calculating the backward transmission trajectory of large-scale
particles. In this study, we superimpose the 48-h plume
trajectories of particles under several circulation patterns
(Zhang et al., 2012; Shen et al., 2021) to obtain a
comprehensive distribution, which helps analyse the source of
pollutants and factors affecting the diffusion of pollutants.

3 RELATIONSHIP BETWEEN CIRCULATION
TYPES AND POLLUTANTS IN NORTHEAST
CHINA
3.1 Circulation Classification Results
Figures 2A–C shows the nine main weather circulation patterns,
with geopotential height fields and wind fields of 850 hPa and
500 hPa, respectively, that affect the northeast region of China.
According to the ground circulation characteristics, the nine
circulation types are classified as follows: Type 1 (western high-
pressure type), Type 2 (northwest high-pressure type), Type 3
(northeast high-pressure type, weak pressure gradient), Type 4
(high-pressure type), Type 5 (northern low pressure, southeast
high-pressure type), Type 6 (low pressure type), Type 7
(southwest high-pressure type), Type 8 (northern high-
pressure type), and Type 9 (eastern high-pressure type).
Figure 2 shows that the main types of circulation affecting
the study region are Type 1 (21.7%) and Type 5 (20.1%)
followed by Type 2 (13.2%).

Types 1, 2, 4, and 7 are mainly related to the activities of cold
high pressure. Under Type 1 and 7 control, the high-pressure
centre is located in the west of the northeast region. Under Type 2
control, cold high pressure has not yet entered the territory of
China, which is far from the northeast region. Type 4 controls the
lower northeast region and is located behind the cold high
pressure; it is closest to the high-pressure centre. Under the
control of Types 3, 5, and 9, the West Pacific subtropical high
extends from the west to the north and affects most of China. At
the same time, the lower northeast of Types 3 and 5 is also
affected by the low vortex. Under Type 6, the northeast region is
often affected by high-altitude troughs and cyclones. At this time,
the northeast region is often in front of the trough. The northeast
area under the control of Type 8 is affected by both cold high
pressure and subtropical high; thus, cold high pressure has a
considerable influence on the northeast area.

3.2 Seasonal Characteristics, Local
Meteorological Characteristics of the Nine
Circulation Types, and Their Relationship
With the Concentration of Major Air
Pollutants
Figures 3, 4 show the seasonal distribution of nine circulation
types and the corresponding local wind fields in Northeast China.
Figure 5 shows the relationship between the concentration of five
major pollutants (PM2.5, O3, NO2, CO, and SO2) and the
circulation types in Harbin, Changchun, and Shenyang. The
distributions of the five air pollutants under the nine
circulation types in Changchun, Harbin, and Shenyang are
relatively consistent. Table 1 shows the average values of the
concentrations of these five pollutants under nine circulation
types, as well as the average values of temperature, relative
humidity, and wind speed, in these three cities. Figures 3–5

FIGURE 3 | Seasonal distribution of nine circulation patterns in
Northeast China during 2016–2020.
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and Table 1 show that Types 1, 2, 4, and 7 mainly appear in
winter and autumn. At this time, the northeast region is cold and
dry (average temperatures are −0.26 , 7.35, 10.68, and 4.08 °C
under Types 1, 2, 4 and 7 respectively, and the corresponding
average relative humidity percentages are 40.65, 45.36, 43.74, and
42.25% under Types 1, 2, 4 and 7 respectively), the local wind field
is characterised by weak southwesterly and northerly winds
(average wind speed = 2.62 m/s, 2.77 m/s, 2.12 m/s, 2.12 m/s,
and 2.59 m/s). In the meanwhile, Compared with summer, the
atmosphere is more prone to static stability in autumn and winter
(Zhou et al., 2019). Therefore, the diffusion conditions are poor,
which is not conducive to the diffusion and transmission of
pollutants, and the accumulation of pollutants is likely to occur
under the control of Types 1, 2, 4, and 7. The concentrations of
PM2.5, NO2, SO2, and CO under these types of circulation are
relatively high (the average concentrations are as follows:
PM2.5–47.8 μg/m3, 51.5 μg/m3, 56.3 μg/m3, and 57.1 μg/m3,
NO2 –39.4 μg/m3, 38.8 μg/m3, 46.6 μg/m3, and 42.1 μg/m3, SO2

–33.01 μg/m3, 30.07 μg/m3, 31.58 μg/m3, and 32.01 μg/m3, and

CO –0.92 mg/m3, 0.93 mg/m3, 1.15 mg/m3, and 1.01 mg/m3).
Type 3 has obvious summer characteristics (high temperature
and high humidity), with an average temperature of 23.85 °C and
an average relative humidity of 57.29%. The region is dominated
by strong northeast winds (average wind speed = 3.51 m/s), which
is conducive to the diffusion and transmission of pollutants.
PM2.5, NO2, SO2, and CO concentrations are extremely low
(22.5 μg/m3, 29.6 μg/m3, 9.8 μg/m3, and 0.635 mg/m3,
respectively), but at this time, O3 concentration is very high
(97.2 μg/m3). Type 6 often occurs in spring and autumn. Due to
the westerly wind (average wind speed = 4.58 m/s) in front of the
trough, pollutants cannot accumulate easily. Simultaneously, the
convection is prone to precipitation, which is conducive to the
deposition of pollutants. At this time, the concentrations of
PM2.5, NO2, SO2, and CO are relatively low (38.2 μg/m3,
31.3 μg/m3, 18.9 μg/m3, and 0.86 mg/m3), but O3 concentration
is high (86.9 μg/m3). Types 5 and 9 mainly appear in summer and
spring. The local wind field in the northeast under Type 5 is
dominated by strong southwest wind (average wind speed =

FIGURE 4 | A wind rose of the local wind field corresponding to the nine circulation types in Northeast China during 2016–2020.
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FIGURE 5 | Relationship between the nine circulation patterns and the concentration of major air pollutants in Changchun, Harbin, and Shenyang; the triangle
represents the average concentration, the short line represents the median concentration of pollutants, the upper short line of the box represents the third-quarter value,
and the lower short line of the box represents the quarter-quarter value.
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5.4 m/s), with high temperature and humidity (20.17 °C and
47.13%, respectively) and convective development. Because of
vigorous and good diffusion conditions, pollutants do not easily
accumulate (the average concentrations of PM2.5, NO2, SO2, and
CO are 40.1 μg/m3, 31.5 μg/m3, 18.1 μg/m3, and 0.85 mg/m3,
respectively). The warm and humid airflow in the south
brought by the subtropical high under Type 9 control is
strong (average wind speed = 3.84 m/s), which is conducive to
the diffusion of particulate pollutants, and the concentrations of
PM2.5, NO2, SO2, and CO are relatively low (39.2 μg/m3, 34.5 μg/
m3, 17.8 μg/m3, and 0.84 mg/m3), but O3 concentration is higher
under the above two types of circulations (113.4 μg/m3 and
108.9 μg/m3, respectively).

Based on the aforementioned analysis, we draw the following
conclusions: under the control of Types 1, 2, 4, and 7, the
concentrations of PM2.5, NO2, SO2, and CO in the northeast

are all high, while under the control of Types 3, 5, 6, and 9, the
concentrations of PM2.5, NO2, SO2, and CO are maintained at
relatively low levels. O3 concentration distribution is different
from other that of pollutants. O3 concentration is high under the
control of Types 3, 5, 6, and 9, whereas it is low under the control
of Types 1, 2, 4, and 7.

4 CHANGES IN THE CONCENTRATION OF
POLLUTANTS IN NORTHEAST CHINA
DURING COVID-19
4.1 Changes in Circulation Types and Air
Quality During the SP
Figure 6 shows the proportions of the nine main circulation
patterns during the SP, which were rather similar. The main

TABLE 1 | Average concentrations of the five major atmospheric pollutants (PM2.5, O3, NO2, SO2, and CO) of the nine circulation types in Northeast China, and values of
local meteorological elements (temperature, relative humidity, and average wind speed) during 2016–2020.

Circulation Type Concentration of Pollutants Meteorological Factors

PM2.5 (μg/m3) O3 (μg/m3) NO2(μg/
m3)

SO2(μg/
m3)

CO(mg/
m3)

Temperature (°C) Relative Humidity (%) Wind Speed (m/s)

Type 1 47.8 64.3 39.4 33.01 0.92 -0.26 40.65 2.62
Type 2 51.5 76.4 38.8 30.07 0.93 7.35 45.36 2.77
Type 3 22.5 97.2 29.6 9.80 0.64 23.85 57.29 3.51
Type 4 56.3 77.2 46.6 31.58 1.15 10.68 43.74 2.12
Type 5 40.1 113.4 31.5 18.10 0.85 20.17 47.13 5.40
Type 6 38.2 86.9 31.3 18.90 0.86 11.62 53.13 4.58
Type 7 57.1 71.1 42.1 32.01 1.01 4.08 42.25 2.59
Type 8 44.2 81.5 33.4 18.89 0.89 13.30 61.27 3.99
Type 9 39.2 108.9 34.5 17.8 0.84 22.06 51.91 3.84

FIGURE 6 | Proportions and changing trends of the nine circulation patterns during the SP period.
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circulation patterns are Type 1, 2, 5, and 7, indicating that the
weather-scale circulation affecting the northeast region during
January–April is relatively stable. Comparing the analysis in

Section 3.1, we find that Types 1, 2, and 7 respectively
represent the three locations of cold high pressure affecting
the northeast region, which is more consistent with the

FIGURE 7 | Heat map of the changes in the concentration of the five main pollutants during the SP. The north is Harbin, the middle is Changchun, and the south is
Shenyang. The green numbers indicate the average pollutant concentration.
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climatic characteristics of the northeast region during
January–April. In spring (March–May), with the appearance
of the northeast cold vortex and the northward uplift of the
subtropical high, Type 5 appears more frequently (accounting for
13–18%).

Figure 7 shows the concentration changes of the five main
pollutants during the SP. The abscissa p1–p12 indicate that the
January–April period is divided into 12 periods. Among these,
p1–p3 correspond to BC, p4–p9 correspond to UC, and p10–p12
correspond to AC. At the same time, the average concentration
change rate (R) is defined as the ratio of the difference (between
the average pollutant concentration in 2020 under each
circulation pattern and the average pollutant concentration
under the same circulation pattern during 2016–2019) and the
average concentration of pollutants under the same circulation
pattern during 2016–2019. R > 0means increase, and R < 0means
decrease; a large absolute value of R implies an obvious change,
and vice versa. In this study, the circulation type during the
lockdown period is roughly the same as in the same period in
2016–2019, although the human activity is substantially reduced.
Therefore, the average concentration change rate R can reflect the
degree to which meteorological conditions and human activities
affect air quality in the region. Greater absolute value of the
average concentration change rate R implies greater impact of
human activities on the concentration of these pollutants, and the
converse, that is, greater impact of circulation conditions on the
concentration of these pollutants is also true. Table 2 shows the
change rates of PM2.5, NO2, SO2, CO, and O3 pollutant
concentrations during UC in 2020 compared with the same
period in 2016–2019. Table 3 shows the average concentration
change rate R of PM2.5 and O3 under nine circulation patterns.
Figure 7; Table 2 show that the PM2.5 concentration of the three
cities during the UC period decreased by 31.39, 29.7, and 23.7%
from the average for the same period during 2016–2019 (average
decrease of the three cities = 28.24%). The change trend of NO2,
CO, and SO2 concentrations is similar to that of PM2.5, and their

concentrations also declined significantly during the UC period
(the average change rates are −39.31%, −33.37%, and −55.49%,
respectively). This shows that the industrial, transportation, and
agricultural emissions during the UC period decreased
significantly compared with the same period during
2016–2019, resulting in a decrease in PM2.5, NO2, SO2, and
CO concentrations. Human activities significantly impacted the
concentration changes of these pollutants. Table 3 shows that the
absolute value of the change rate R of the average PM2.5
concentration under the nine circulation patterns is very large,
indicating that the PM2.5 concentration responds more strongly
to human activities. The change trend of O3 concentration during
the SP is almost the same and shows some regularity. During the
UC period in 2020, the change rate of O3 concentration during
the same period during 2016–2019 is only −2.43%. Additionally,
Table 3 shows that the absolute value of the change rate R of the
average O3 concentration is relatively small, indicating that
although O3 concentration is affected by human activities and
weather conditions, it is more susceptible to weather circulation
conditions compared to PM2.5 concentration.

4.2 Changes of Air Quality in BC, UC, and AC
Stages
Figure 8 shows the proportion of each circulation pattern under
BC, UC, and AC. In the BC stage, the northeast region is mainly
influenced by Types 1, 2, 4, and 7 (accounting for 32.3, 19.4, 12.9,
and 22.6%, respectively), whereas in the UC stage, it is mainly
influenced by Types 1, 2, 5, and 7 (accounting for 26.7, 11.7, 20,
and 20%, respectively). The main circulation patterns of the BC
and UC stages are not much different. In the AC phase, the
circulation patterns affecting the northeast are Types 1, 5, 6, and 8
(40, 10, 30, and 10%, respectively), which are significantly
different from the BC and UC phases. During the entire
lockdown period, the total proportions of Types 1, 2, 4, and 7
gradually decrease over time (87.2, 61.2, and 43.3% in BC, UC,
and AC, respectively). This shows that from winter to spring, the
influence of cold high pressure on the northeast region gradually
weakens. In the spring, the northeast cold vortex and cyclone
systems frequently appear, and the subtropical high moves
northward. Therefore, the total proportions of Types 3, 5, 6,
and 9 related to these conditions during BC, UC, and AC also
gradually increase (3.2, 30, and 46.7%, respectively). As
mentioned in Section 3.2, the appearance of the
aforementioned four circulation patterns is also related to the
increase in O3 concentration.

Figure 9 shows the changes in the concentration of the five
major pollutants between BC and UC stages and between UC

TABLE 2 |Change rate of PM2.5, NO2, SO2, CO, and O3 pollutant concentrations
during UC in 2020 compared with the same period in 2016–2019.

Pollutant Change Ratio (UC)

Changchun Shenyang Harbin Average

PM2.5 −29.70% −31.39% −23.70% −28.24%
O3 −5.70% −8.04% 6.45% −2.43%
NO2 −40.54% −31.49% −45.90% −39.31%
SO2 −62.51% −65.48% −38.47% −55.49%
CO −37.50% −19.42% −43.20% −33.37%

TABLE 3 | Average concentration change rate R of PM2.5 and O3 under nine circulation types.

Pollutant Circulation Type

Type 1
(%)

Type
2

Type 3
(%)

Type
4

Type
5

Type
6

Type 7
(%)

Type
8

Type
9

PM2.5 11.54 4.36% 196.61 52.37% −20.56% −20.60% 8.19 12.87% −17.28%
O3 11.2 −8.3% 23.1 −12.8 -3.1% 8.6% 1.9 −6.3% −4.5%
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and AC stages in Northeast China in 2020. As illustrated in
Figures 8, 9, although the proportion of Types 1, 2, 4, and 7
decreased from 87 to 43.3% from the BC stage to the AC stage
in 2020, the PM2.5 concentration did not consistently
decrease; it first increased and then decrease, that is, due to
curtailed human activities, the PM2.5 concentration
considerably decreased from the BC stage to the UC stage
(average rate of change = −50.22%). From the UC stage to the
AC stage, some restrictions on human activities were lifted,
and therefore, the PM2.5 concentration increased and showed
a wide range (average rate of change = 28.32%). When the
proportions of Types 3, 5, 6, and 9 corresponding to high
ozone concentration increase, the O3 concentration shows an
increasing trend from the BC stage to the UC stage and from

the UC stage to the AC stage (the change rates are 37.81 and
29.54%, respectively). However, the increase rate from the BC
stage to the UC stage is significantly higher than the increase
rate from the UC stage to the AC stage. This is because PM2.5
decreased from the BC stage to the UC stage, the shading rate
decreased, and the radiation enhanced, which promoted the
photochemical reactions, generating large amounts of O3 while
consuming large amounts of NO2. The concentrations of NO2,
CO, and SO2 showed similar trend as that of PM2.5, decreasing
considerably during the UC stage (the change rates are
−44.94%, −38.5% and −38.45%, respectively). However,
during the AC stage, these values showed an increasing
trend, with the average increase rates of 21.1, 4.05, and
1.64%, respectively.

FIGURE 8 | Proportion of the nine circulation types in the BC, UC, and AC stages.

FIGURE 9 | Spatial distribution of the concentration change rates of the five main pollutants in the BC-UC and UC-AC phases during the lockdown period in 2020.
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In summary, curtailing human activities during the lockdown
only slightly impacted the concentration changes of O3, and it was
mainly affected by the large-scale circulation conditions. The
concentrations of PM2.5, NO2, SO2, and CO, however, were
greatly affected by the curtailed human activity during the lockdown.

4.3 Numerical Simulation Study on the
Source of Particulate Matter During the
Pandemic in Northeast China
To study the source and transmission path of the main pollutants
during the lockdown period in 2020 in the northeast, Changchun
City, located in the central part of this region, was selected for the
simulation study of pollutant particle trajectory. The time periods
when the average daily PM2.5 concentration during the
lockdown period of COVID-19 was >75 μg/m3 were
determined, and these periods were classified according to the
circulation type. A 24-h backward trajectory simulation analysis
was carried out to characterise the pollutant trajectory of each
period under each circulation pattern.

Figure 10 shows the distribution of PM2.5 concentration
corresponding to heavy pollution periods under the nine

circulation patterns based on TAP data. Figure 11 shows the
backward plume trajectory of pollutant particles in nine
circulation patterns.

Figures 10, 11 show that under Type 1, pollutants exist in
North China and the eastern part of Northeast China. However,
the pollutants in Changchun are from the western part of
Changchun. The heavily polluted areas under Type 2 are in
Northeast and North China, and PM2.5 pollutants in
Changchun come from the northwest mountains. The
distribution of pollutants under Type 3 is concentrated around
Changchun, and the pollutants transmitted over long distances
mainly come from the mountainous areas in northern North
Korea. The heavily polluted area under Type 4 appears on a
heavily polluted zone in the northeast-southwest direction
centred on the Harbin–Changchun–Shenyang region. The
pollutants that affect Changchun mainly come from the
surrounding areas such as southwest of Changchun. The
particulate matter under Type 5 mainly travels long-distance
from North China, Liaodong Peninsula, and northern Korean
Peninsula. Under Type 6, there is considerable pollution in the
northern part of Heilongjiang, and the particulate matter comes
from the northwest part of Northeast China and the Liaodong

FIGURE 10 | Distribution characteristics of PM2.5 concentration during severe pollution periods under nine circulation types.
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Peninsula. The PM2.5 concentration under Type 7 is relatively
low overall, and only a small area of polluted weather occurs
around Changchun. Trajectory simulation shows that the
pollution at this time mainly comes from local emissions, and
some of the pollutants come from the Greater Xing’anMountains
in Inner Mongolia. Large-scale pollution occurs in the northern
part of Northeast China under Type 8, and the pollutant particle
trajectory shows that the particulate matter comes from near
northwest Changchun. Under Type 9, the PM2.5 concentration
in most areas of Northeast China is relatively small, and the
pollution in Changchun area comes from the Bohai Bay in North
China.

In summary, the particulate pollution in the severe pollution
processes of Types 1, 2, 4, 7, and 8 is mainly from Changchun and

surrounding area, and the particulate matter transmission height
changes significantly. It indicates that the particulate matters are
affected by sinking flow. However, particulate matter pollution of
Types 3, 5, 6, and 9 in the lower northeast is mainly from North
China, Liaodong Peninsula and other areas far away from
Changchun.

5 CONCLUSION

This study investigates the effects of human activities and
meteorological conditions on the changes in the concentrations
of major pollutants (PM2.5, O3, NO2, SO2, and CO) during the
lockdown implemented for curbing the spread of COVID-19. First,

FIGURE 11 | Backward plume trajectory of particles during heavy pollution periods of PM2.5 under nine circulation types during the lockdown. The colour bar
below indicates the height of the particles from surface and that on the right represents the terrain height.
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we classified the large-scale circulation in the northeast and
obtained nine main weather circulation patterns (Type 1–Type
9) that affect this region. Analysis of sea level pressure field
(500 hPa and 850 hPa) altitude and local meteorological
conditions suggests that meteorological conditions are closely
related to air quality in this region. Comparison of the
concentrations of pollutants during the lockdown period in
2020 and the same period in previous years, as well as the
changes in the concentrations of pollutants at different stages
during the lockdown period suggests that human activities and
meteorological conditions have different effects on the changes in
the concentrations of different air pollutants. The specific research
conclusions are as follows:

(1) Under Types 1, 2, 4, and 7, the concentrations of PM2.5,
NO2, SO2, and CO in the northeast are high, while under
Types 3, 5, 6, and 9, the concentrations of PM2.5, NO2, SO2,
and CO are low. The O3 concentration is high under Types 3,
5, and 9, while it is low under Types 1, 2, 4, and 7. Particulate
pollution in Northeast China is related to the equalising field
in the back of high-pressure regions and the front of weak-
high-pressure regions, while O3 pollution is closely related to
the trough, low vortex, and surface cyclonic weather systems.

(2) Human activities and local meteorological conditions
significantly impact the changes in PM2.5, NO2, SO2, and
CO concentrations. Although O3 is formed from NO2 and
VOC, O3 concentration is more sensitive to the large-scale
weather circulation situation compared to PM2.5.

(3) FLEXPART-WRF simulation results suggest that local
emissions and southwest and northwest sinking airflows
are the main causes of severe particulate pollution in the
northeast during the lockdown period.
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