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Understanding the formation and development processes of air pollution events is key to
improving urban air quality. In this study, the air pollution episodes in stable synoptic
conditions were selected to analyze the multi-phase evolution processes of heavy air
pollution in Shanghai, a coastal city. The observation data and the WRF-CMAQ model
were used to diagnose and simulate the pollution characteristics of the heavy pollution
episodes. The results showed that the transport and dilution characteristics of PM2.5 were
different during autumn and winter in Shanghai as a receptor of pollution transport. The
development of PM2.5 pollution events were divided into four stages: accumulation stage,
stagnation stage, enhancement stage, and dilution stage. The accumulation stage was
before stable weather, and provided the foundations for PM2.5 pollution. The stagnation
stage was nighttime during stable weather, in which the low wind speed and temperature
inversion weakened regional transport and the dilution of PM2.5, which was defined as
“retention effect”. The “retention effect” played a dominant role during the stagnation
stage, accounting for 71.2% and 41.2% of total PM2.5 in winter and autumn case,
respectively. The enhancement stage followed the stagnation stage, in which the newly
regional transport was occurred due to stronger wind speed, accounting for 86.3% and
46.2% in winter and autumn episodes, respectively. The dilution stage was after the whole
stable weather, when meteorological conditions were beneficial for PM2.5 dilution. Local
emissions were dominant (63.0%) for PM2.5 pollution in the autumn case but regional
transport was dominant (81.3%) in the winter case. Therefore, preventing the heavy
particulate pollution caused by the diverse stable weather calls for the suitable emission
control in a regional scale. Our study also shows that the simulation accuracy during stable
weather needs to be improved in future studies.
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HIGHLIGHTS

1. The multi-stage analysis of air pollution events during stable
weather helps to better understand the formation of air
pollution.

2. The regional transport of air pollutants in pre-stagnation stage
was proved to be fundamental to air pollution episodes by the
retention effects.

3. Probing the external and local contributions to air pollution
during stable weather provides rationales to make air pollution
control strategies.

INTRODUCTION

In recent years, air pollution under stable weather conditions
have been paid more and more attention (Shu, et al., 2017; Xiang,
et al., 2019) for its adverse health and economic impacts (Zhang,
et al., 2020a). The meteorological conditions in local and regional
scale play an essential role in the day-to-day variation and the
long-term trend of air quality. Many studies have shown that
stable weather prevents the development of vertical air movement
and the dilution of pollutants in the vertical direction (Zhu and
Lu, 2008; Chen, et al., 2016) from causing heavy air pollution.
Generally, during stable weather, the wind speed is low, and the
dynamic and thermal characteristics of the lower atmosphere are
stable. In China, stable weather often occurs in autumn and
winter when the temperature is low. The contribution of stable
weather to air pollution has been a wide concern (Daneshpajooh
and Azoji, 2020; Peng, et al., 2021a). Since 2013, the annual
average concentration of PM2.5 in China has decreased year by
year (Hou, et al., 2019), but heavy pollution cases in the Yangtze
River Delta (YRD) region are still frequent (Chen, et al., 2019),
and these pollution events were strongly affected by weather
conditions (Zhang, et al., 2019). For the YRD region, stable
weather is one of the most important reasons for heavy
pollution of PM2.5. For example, Yu, et al. (2021) studied a
case of heavy pollution in Zhejiang Province in the southern
YRD in 2013, which was caused by the combined effect of large-
scale circulation (e.g., the weakening of the East Asian Trough)
and local weather conditions [e.g., low wind speed and planetary
boundary layer height (PBLH)]. In addition, under special
weather conditions, the aerosol–boundary layer interaction can
amplify the haze regional transport, and the transport distance
can reach more than 1,000 km (Huang, et al., 2020).
Meteorological conditions and pollutant emission reduction
are equally important for air pollution prevention, and an
important evidence was that heavy pollution events could not
be avoided even under the condition that the pollutant emissions
were greatly reduced during the COVID-19 lockdown (Wang,
et al., 2020a).

Urban air pollution during stable weather in China has been
widely studied in recent years. Beijing was often polluted due to
stable weather, and the stable weather index calculated by Zhang,
et al. (2017) was closely related to PM2.5, which can quantify the
contribution of local emissions and meteorological conditions to
PM2.5 pollution. In Shanghai, PM2.5 and O3 showed that regional

transport from north China was an important factor for the stable
weather in the region (Li, et al., 2019; Zhang, et al., 2020b).
However, due to substantial and complex local emission sources
(industry, agriculture, traffic, etc.), the contribution of local
pollution cannot be ignored (Yu, et al., 2021). Autumn and
winter were the seasons of frequent stable weather in
Guanzhong area, which made it difficult for pollutants to be
diluted, forming a heavy haze by local emission (Hu, et al., 2020).
A study in Ningbo found that the dominant components of PM2.5

during stable weather under different meteorological conditions
were different, which provides a new idea for stable weather
pollution control in different regions (Zhang, et al., 2020c).

The model simulation based on observation data could help
analyze the processes of urban air pollution during stable weather.
The principal component analysis in T-mode (PCT) was often
used in weather classification. A study based on PCT in Chengdu
showed the characteristics of two typical heavy pollution synoptic
types, quantitatively calculating the potential contribution of the
PM2.5 concentration during stable weather (Zhang, et al., 2020d).
The Weather Research and Forecast model (WRF) has been
proved to capture mesoscale meteorological characteristics
(Zhang, et al., 2012; Businger, et al., 2015; Li and Chen, 2017).
A study based on the WRF-chem model in Shanghai showed that
anthropogenic emission regional transport and meteorological
condition during stable weather contributed 32.2% and 17.2% to
PM2.5, respectively (Chang, et al., 2016). A similar study in Beijing
found that meteorological factors accounted for approximately
51% of PM2.5 during stable weather in winter (Xu, et al., 2020a).
The Community Multiscale Air Quality (CMAQ) driven by the
WRF (WRF-CMAQ) has been widely used in the assessment of
atmospheric pollutants such as O3 and PM2.5 (Fann and FulcherK
Baker, 2013; Baker JKelly, 2014; Zawacki, et al., 2018), and it is
advantageous to calculate the contribution of local emissions or
regional transport. A study in Chengdu based on the WRF-
CMAQ showed that automobile emission (29%), dust (26%), and
domestic pollution (24%) were themain sources of the total PM2.5

during stable weather (Xu and Xue, 2020b). There are other
models to study meteorology and air quality, such as the
Computational Fluid Dynamics (CFD) (Tominaga and
Stathopoulos, 2013; Yin, et al., 2019), the WRF-CHIMERE
(Dumka, et al., 2021), the Artificial Neural Network (ANN)
(Feng, et al., 2015). Although there were a lot of studies on
the impact of stable weather on air pollution (Cheng, et al., 2015;
Chen, et al., 2018; Dong and Li, 2018), few elaborated the multi-
phase evolution processes of air pollution during stable weather
in detail (Cai, et al., 2020).

Shanghai, located in front of the YRD, is frequently affected by
regional and cross-regional transport (Chen, et al., 2020). As a
megacity with a resident population of 24.87 million (by 2021),
local emissions are also important, leading to the complexity in
the formation mechanism of air pollution. Stable conditions such
as the low PBLH and the air flow from the polluted area are
important factors for the formation of air pollution in the area.
Based on the long-term observation data and the WRF-CMAQ
model, this study aimed to analyze the detailed processes of the
heavy air pollution events during stable weather taking megacity
Shanghai as an example, including the estimate of the
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contribution of regional transport and local emissions to air
pollution. Two stable weather cases in February and
September of 2017 were selected. Specifically, we divided the
pollution events into four stages, which helps us understand the
evolution process and the source contribution for PM2.5, and
provide a reference for accurate pollution control.

MODEL AND METHODOLOGY

Model Configuration
In this study, we used the WRF-CMAQ (www.cmascenter.org/
cmaq) to simulate the meteorology and air quality. In general, the
grid ratio between inner and outer domains in the WRF model is

FIGURE 1 | CMAQ model nested simulation domains (domain 1: 81 km × 81 km, domain 2: 9 km × 9 km, domain 3: 1 km × 1 km) and distribution map of
Shanghai meteorological stations (triangles) and air quality stations (pentagrams).

TABLE 1 | Descriptions of stable weather cases.

Case number Date (2017) PM2.5 (μg·m−³) O3 (μg·m−³) Surface wind
speed (m·s−1)

500 hPa wind
speed (m·s−1)

Precipitation (mm)

Winter Case February 25 81.17 78.04 1.08 20.06 0
February 26 116.48 84.94 1.09 24.95 0

Autumn Case September 18 56.74 112.48 1.26 19.03 0
September 19 70.34 128.87 1.37 18.52 0.2
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always 3 or 4 to avoid the numerical cumulative error in the
downscaling process (Cheng, et al., 2019; Yan, et al., 2020). The
WRF model was in a nested operation, and the resolutions of the
three horizontal regions are 81 km, 27 km, 9 km, 3 km, and 1 km,
respectively. With the accuracy guaranteed by simulation, the
CMAQ_v5.0.2 model was in a nested operation, and the
resolution of the three horizontal regions are 81 km, 9 km, and
1 km, respectively, which can reduce a lot of tedious work. This
study area focused on the third domain, which covered the whole
Shanghai area and a part of the YRD downstream area (Figure 1).
The coverage ranged from (31.9729°N, 120.6536°E) to (30.
4067°N, 122.5857°E), and the horizontal grid unit is 1 km ×
1 km (155 × 143 grid points). Time-varying chemical lateral
boundary conditions were derived from the 108-km-
resolution hemispheric WRF-CMAQ (Mathur, et al., 2017)
simulation for the 1990–2010 period (Xing, et al., 2015). The
meteorological field used to couple the CMAQ model was
provided by the WRF_v3.9 (Skamarock, et al., 2008). The

global atmospheric reanalysis data provided by the National
Center for Environmental Prediction (NCEP) were used for
the initial and boundary data of the model, whose spatial
resolution was 1° × 1° and temporal resolution was 6 h. The
input data of topographic materials and underlying surface
can be divided into three parts: the initial data of the WRF
model were used in areas outside Jiangsu, Zhejiang, and
Shanghai, which were the underlying surface data provided
by United States Geological Survey (USGS); the land use type
data of 2000 Landsat TM image interpretation were used in
Jiangsu, Zhejiang, and Shanghai; and the land use type data of
2015 were used in China. The meteorological chemical
interface program (mcip4.3) generated the CMAQ
compatible meteorological fields (Wong, et al., 2012). In
the vertical direction, the meteorological field was resolved
into 29 layers, from the surface to about 18 km above the sea
level. In this study, the air quality field output is 15 layers, and
the height extended from the surface to about 5 km above the

FIGURE 2 |Meteorological parameters (temperature and wind speed) and air pollutants (SO2, NOx, PM2.5, and O3) comparison of observed (black) and simulated
(red) in February and September in 2017.
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sea level. The simulation period was February and September
of 2017, and all meteorological fields and air quality
simulation had a 2-day spin-up period before starting the
simulation for the sake of reducing the impact of the initial
field. The chemical mechanism used in this study was CB05
(Yarwood, et al., 2005) and AERO6 (Carlton, et al., 2010)
issued by the United States Environmental Protection Agency.
The specific parameterization schemes for the main
physicochemical processes involved in WRF and CMAQ are
shown in Supplementary Table S3.

Emission Inventories
The Multi-resolution Emission Inventory for China (MEIC)
(Squires, et al., 2020; Chen, et al., 2021a) was used for domain
1 and domain 2. The emission data from a previous study (An,
et al., 2021) and some survey data from Shanghai Environmental
Monitoring Center were combined for domain 3. The total
emissions of SO2, NOx, CO, VOCs, PM10, PM2.5, and NH3 in
the Shanghai region in 2017 were 32.8, 381.8, 980.2, 209.0, 377.0,

160.8, and 52.2 Gg, respectively. VOCs and CO emissions were
mainly from boilers, which accounted for 42.4% of VOCs and
74.1% of CO. The VOCs of biogenic emissions were 5,905.9 Mg
generated by MEGAN (Wang, et al., 2021), whose oxidation
could significantly contribute to SOA in PM at night. Mobile
sources dominated NOx emissions, contributing 52.0% of the
total. SO2 emissions were mainly from ship sources, making up
55.7% of the total. Road and construction dust sources accounted
for 63.8 and 46.4% of PM10 and PM2.5 emissions, respectively.

The Simulation Schemes to Estimate the
Retention Effect and the Contributions of
Regional Transport, and Local Emissions
The particles in the atmosphere in a certain area can decrease
through dry and wet deposition, or can be removed out of the area
through atmospheric movement. The “retention effect” of PM2.5

in this study referred to PM2.5 in the atmosphere of a certain
region, which can hardly move due to the almost stagnation of

FIGURE 3 | Ground map of typical time in February and September cases (http://www.cma.gov.cn/).
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atmospheric horizontal and vertical motion during stable
weather.

In this study, all PM2.5 already in Shanghai before the stable
period (period I) was defined as the retention part of PM2.5, and
newly emerged PM2.5 from local emissions and regional transport
during stable weather (period II) was defined as new PM2.5. Thus,
PM2.5 can be divided into four types: PM2.5 related to regional
transport in period I [RT (retention)] and in period II [RT (new)],
and PM2.5 related to local emissions in period I [LE (retention)]
and in period II [LE (new)].

The switch method of emission inventory was used to obtain
the respective contribution proportion and persistence time of
local emissions and regional transport (Feng, et al., 2019). The
absolute contribution of the pollution source can be obtained by
the difference of two simulation schemes that can avoid
systematic error and improve the reliability of the results
(Stefanik, et al., 2020).

We designed 6 following simulation schemes shown in
Supplementary Table S1 to obtain the contributions of LE
(new), LE (retention), RT (new), and RT (retention),
respectively.

LE (new) = scheme 1 - scheme 3 (1). E (retention) = scheme 1 -
scheme 2 (2) RT (new) = scheme 4 - scheme 6 (3). RT (retention)
= scheme 4 - scheme 5 (4)

The Observation Data and the Air Pollution
Cases During Stable Weather
The meteorological and air quality observation data in this study
were provided by the Shanghai Meteorological Bureau and

Shanghai Environmental Monitoring Center, both of which
were in an hourly resolution. The meteorological data included
11 national monitoring stations in Shanghai, and the air quality
observation data included 10 national monitoring stations and 45
municipal monitoring stations in Shanghai. The geographical
distribution information of the meteorological and the air
quality observation stations is shown in Figure 1. All
observation stations are uniformly distributed in urban and
suburban Shanghai. The vertical meteorological sounding data
in this study were downloaded from the website of Wyoming
University (http://weather.uwyo.edu/wyoming/). The components
data of PM2.5 were from Pudong Environmental Monitoring
Centre in the central urban area of Shanghai, and the mass
concentration of PM2.5 was measured by an online particulate
monitor (FH 62C14 series, Thermo Fisher Scientific Inc.). The
study by Zhang, et al.(2020b) has a more detailed description of the
measurement methods and instruments.

To determine the cases for analysis, we firstly chose the dates
with the air quality index (IAQI) of PM2.5 greater than 100 (Feng,
et al., 2013), and then the ground pressure fields every 6 h of each
date were analyzed. The cases with sparse isobars, low surface
wind speed, and temperature inversion were selected as stable
weather candidates. The parameters of the obtained cases were
further verified including daily average wind speed near the
ground (10 m) < 3.2 m/s, daily average wind speed in the
middle troposphere (500 hPa) < 13 m/s, and daily accumulated
precipitation <1 mm (Horton, et al., 2014; Zhang, et al., 2016).
After quantitative screening, two cases closest to the constraint
conditions were selected from different seasons in 2017 as typical
cases (Table 1).

FIGURE 4 | Vertical temperature and relative humidity at Baoshan station.
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Two individual cases were representative of typical stable weather.
The February case represented typical winter weather situation. Most
parts of China (except for the northeast) were under the control
of the cold high pressure, with a previous cold front already
pressing south to the coastal areas of southern China and a
supplementary cold front in Mongolia. During this period,
Shanghai was located in the mean pressure field of the
continental cold high pressure. In contrast, September is the
seasonal transition month when cold and warm air confront
each other. There was a cold high pressure in Mongolia, while
Shanghai was located near the subtropical high pressure.

Model Validations
The simulated meteorological variables (temperature and wind
speed) and the concentrations of air pollutants including SO2,
NOx, PM2.5, and O3 in 2017 were validated by the observation

data in Shanghai. As shown in Figure 2, the simulation results of the
vertical meteorological conditions (temperature and relative
humidity) correlated well with the sounding data (R2 ranged
from 0.51 to 0.97) (Supplementary Figure S1). The statistics of
validations are listed in Supplementary Table S2 in the supporting
information including the rootmean square error (RMSE), themean
fractional bias (MFB), and the mean fractional error (MFE) (Yu,
et al., 2019). The scattering plot is shown in Supplementary Figure
S2. Most of the indicators were within the ideal range
(Supplementary Table S2). The simulated values of temperature
and NOx were closer to the observed data, which agreed with the
results of Liu and Wang (2020a) and Liu and Wang (2020b).
However the simulated average wind speed was about 35%
higher, which was a problem that most WRF simulations of
megacities meteorological field have encountered (Prieto-Herraez,
et al., 2021) and were related to urban land use types and
parameterization schemes. The simulated values of PM2.5 were
generally lower than the observed values, but the temporal
variation was in good agreement (Figure 2). For SO2, the average
simulated values were close to the observation value, and the error
was about 4%. The inventories had realistic statistics on the total
emission of SO2, but the variation trend was not well captured. The
ozone was underestimated by about 36%, which was likely due to the
lower simulated radiation intensity and temperature.

RESULTS AND DISCUSSION

The Meteorological Conditions of Stable
Weather
The sea-level pressure fields, surface wind observation data, and
vertical sounding data were used to describe the typical
meteorological conditions during the selected two cases of
stable weather.

We studied the regional synoptic pattern in the YRD to obtain
the meteorological characteristics in Shanghai. In autumn and
winter, the lower troposphere in the YRD is mostly controlled by
the uniform pressure field or located at the top of the high
pressure (Cheng, et al., 2020; Han and Ma, 2020; Peng, et al.,
2021b). These weather conditions are conducive to the
accumulation of PM2.5, which is similar to this study. At the
500 hPa level of the troposphere, the general circulation in China
was zonal flow, the meridional wind was weak, and the upper air
wind speed was small (Supplementary Figure S3). When the two
pollution cases occurred, the isobaric distribution of tropospheric
850 hPa showed that the YRD was controlled by a uniform
pressure field or a high pressure (Supplementary Figure S4).
The surface isobars in YRD were sparse and the wind speed was
weak (Figure 3). After the air mass flowed southeastward, a wide
range of weak high-pressure centers were formed near the YRD.
The above weather situation of different altitude together
hindered the vertical and horizontal atmosphere movement,
which was a typical meteorological condition in a large scale
for long duration, leading to severe PM2.5 pollution. From
February 27–28 and September 20–21, the trough moved
eastward and brought marine flow, which contributed to
pollution dilution.

FIGURE 5 | Concentration of particulate matter in Shanghai (A) and the
components of PM2.5 in Pudong Monitoring Station (B) during two stable
cases in 2017.
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As shown in Supplementary Figure S5, for the winter and
autumn cases, the wind speed in the YRD cities near Shanghai
(a–f) was generally low during the period of stable weather, and
the average wind speed in Shanghai (g–j) was even lower. During
the nighttime in the period of stable weather, the average wind
speed was 0–1 m/s, leading to the fact that air pollutants stagnated
in the atmosphere and could not be transported further, while
during the daytime in the period of stable weather, the average
wind speed was 2–3 m/s, which provided the flowability of more
polluted air mass transported into Shanghai. After stable weather,
the southerly wind with the average speed back to the initial level
was conducive to the dilution of pollutants.

Differently, within 1–2 days before stable weather, the YRD was
controlled by the front of a high-pressure system in the February
case, and by the typhoon periphery in the September case, although
the wind direction in the YRD cities was generally north wind for
both cases. However, the wind speed in the winter case reached
around 5m/s, while that in the autumn case was larger (7 m/s).
During stable weather, on the ground and at the height of 850 hPa
level, the wind speed was 1.6 m/s and 8.0 m/s in the winter case, and
2.7 m/s and 5.3 m/s in the autumn case, respectively. The wind speed
at 850 hPa was lower in the autumn case, while the wind direction at
850 hPa in eastern China was not consistent, forming a barrier
around the YRD, which was adverse to regional transport.

Figure 4 shows that temperature inversion was observed every
day at local time 8:00 in two cases, even at local time 20:00 on
September 18. The temperature inversion generally occurred at
about 200 m above the ground except September 19 (about
500 m), which was not conducive to the vertical dilution and
the transport of pollutants. It was worth noting that the slope
between relative humidity and height at local time 08:00 was
steeper than 20:00 within the inversion layer due to the
evaporation of the ground surface, which was one evidence of
vertical stable atmosphere in the boundary layer at night.

The Evolution Stages of the Air Pollution
Episodes
During the two cases in stable weather, PM2.5 broke the national
air quality standard. As shown in Figure 5A, the peak PM2.5

concentration in Shanghai reached 162.3 μg/m3 and 83.2 μg/m3

in the case of February and September, respectively. The PM2.5

concentration remained at a relatively high level during the
nighttime, but changed substantially during the daytime of
stable weather. As shown in Figure 5B, the components of
PM2.5 showed similar characteristics. During the two stable
episodes, the sulfate concentration varied most slightly, but the
nitrate concentration varied most dramatically during the two

FIGURE 6 | Wind field of Shanghai during stable weather in February and September.
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stable periods. The rise of nitrate concentration was the main
reason for the peak PM2.5 concentration. The average values of
the nitrate concentration during the two episodes reached
40.1 μg/m3 and 12.2 μg/m3, accounting for 41% and 19% of
the total PM2.5, respectively. In addition, the average
concentrations of sulfate and ammonium were 14.0 μg/m3 and
17.3 μg/m3, accounting for 14% and 18% of the total PM2.5 for the
February case, and 12.8 μg/m3 and 7.7 μg/m3, accounting for 19%
and 12% for the September case, respectively.

Figure 6 shows the wind and PM2. 5 concentration field in the
Shanghai region, partially explaining the variation pattern of
PM2.5 characteristics during day and night. The PM2.5

concentration was higher in the north and west than the south
and east of Shanghai. When the wind speed was less than 1 m/s
during the stagnation stage, the transport of PM2.5 was hindered.
When the wind speed was 2–3 m/s, the regional PM2.5 from the
north and west position was transported into Shanghai, and the
contrary wind direction along the seashore was disadvantageous
to the dilution of PM2.5.

Based on the foregoing analysis, the PM2.5 pollution episodes
can be divided into the following four stages: the accumulation
stage, the stagnation stage, the enhancement stage, and the
dilution stage. In detail, the accumulation stage was the

period before stable weather when the concentration of PM2.5

was at a relatively low level. However, the higher wind speed at
this stage was conducive to the regional transport of pollutants.
The stagnation stage was in the wee hours (0:00–8:00) of stable
weather, when the temperature inversion (Figure 4) and the
small wind speed (Figure 6) occurred, which resulted in the
PM2.5 concentration having a flat trend. The enhancement stage
was the remaining hours (8:00–24:00) during stable weather,
when the temperature inversion disappeared, the PBLH
increased, and the solar radiation led to the enhancement of
vertical and horizontal convection. The wind speed was larger
than that during the stagnation stage, which provided favorable
conditions for regional transport. PM2.5 during the
enhancement stage experienced a substantial rise from 14:00
to 23:00 in the winter case and 16:00 to 23:00 in the autumn case.
During the dilution stage, the stable meteorological conditions
disappeared, and the PM2.5 concentration declined rapidly
within 2–3 h.

As shown in Figure 5, the components of PM2.5 showed
different characteristics under different stages. During the
accumulation stage, there were small differences in
concentration among PM2.5 components, and the nitrate
concentrations were in a relatively low percentage (30% for

FIGURE 7 | Simulated local and external PM2.5 vertical profiles and vertical spatial distribution in four different stages in February 24–27, 2017.
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the February case and 9% for the September case). During the
stagnation stage, the characteristics of PM2.5 components were
constant and similar to the previous moment. Thus, for the
February case, the characteristics of PM2.5 components during
the stagnation stage in February 25 were similar to the
accumulation stage, but the characteristics of PM2.5

components during the stagnation stage in February 26 were
similar to the enhancement stage. During the enhancement stage,
nitrate dominated in PM2.5 and the concentrations were 44.7 μg/
m3 and 13.7 μg/m3, which accounted for 41% and 19% of total
PM2.5 for the February and September case, respectively. After the
stable period, the proportions of PM2.5 components were similar
to the accumulation stage (it may indicate that local emissions
sources were relatively stable), and the percentages of nitrate were
33% and 13% for the February and September case, respectively.

It should be noted that the period during 0:00–8:00 was
recognized as the stagnation stage rather than 20:00 to 8:00,
because temperature inversion was not obvious at 20:00
(Figure 4), which did not meet the definition of stagnation
stage. According to Figure 5, Figure 9, and previous research
(Jing, et al., 2011; Liu, et al., 2019; Chen, et al., 2021b), the time
from 8:00 to 24:00 was designated the enhancement stage,
which guaranteed the accuracy of the definition of the
stagnation stage.

The Diverse Contributions of Regional
Transport and Local Emission and the
Retention Effects During Stable Weather
The Contributions of Regional Transport and Local
Emission
The contributions of regional transport and local sources to the
pollution episodes was estimated based on the method in Section
2.3. The vertical profile of local and external sources of PM2.5

concentrations is presented in Figure 7, and the analysis was
conducted by stages.

The accumulation stage was February 24 and September 17.
As shown in Supplementary Figure S6 and Supplementary
Figure S7 for the winter case, the absolute concentration of
PM2.5 related to external sources on February 24 gradually
increased over time in the atmosphere at different altitudes.
For the autumn case, the wind direction and the wind speed
were similar to those in the winter case, but there was typhoon in
the East China Sea during September 14 to 17, whose cleaning
effect blocked the accumulation of PM2.5 (Chang, et al., 2011; Liu,
et al., 2018). At the surface level, the local and external sources
accounted for 41.7% and 58.3% of PM2.5 in the winter case,
respectively, while they accounted for 42.4% and 57.6% of PM2.5

in the autumn case, respectively.

FIGURE 8 | Simulated local and external PM2.5 vertical profiles and vertical spatial distribution in four different stages in September 17–20, 2017.
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The stagnation stage included 0:00–8:00 of February 25–26
and September 18–19. As shown in Figure 7, for the winter
case, the PM2.5 concentration from local emissions and
regional transport both gradually decreased from the
surface to about 2 km altitude. For the autumn case in
Figure 8, only the PM2.5 concentration from local emissions
showed a similar trend to that for the winter case. In the winter
case, the local (external) PM2.5 concentration was 14.1 μg/m3

(53.4 μg/m3), accounting for 20.9% (79.1%) of the total PM2.5.
In the autumn case, the local (external) PM2.5 concentration was
15.6 μg/m3 (5.1 μg/m3), contributing 75.4% (24.6%) to the total
PM2.5. The proportion of PM2.5 concentration related to regional
transport in the winter case was higher than that in the autumn
case. On the one hand, the wind speed was lower in the winter case,
resulting in a worse atmospheric diffusion condition. On the other

hand, the typhoon in the autumn case blocked the accumulation of
PM2.5 during the stage to weaken the air pollution level in this
episode.

The enhancement stage covered 8:00–24:00 of February 25–26
and September 18–19. As shown in Figures 7, 8, the PM2.5

concentrations from local emissions and regional transport
both changed little with height, which was different from the
stagnation stage. This result showed that the vertical convection
was well mixed during the enhancement stage. In the winter case,
the local PM2.5 concentration was 9.2 μg/m3 and accounted for
14.6% of the total PM2.5, while the external PM2.5 concentration
was 53.6 μg/m3 and accounted for 85.4% of the total PM2.5. In
contrast, in the autumn case, the local PM2.5 concentration was
18.7 μg/m3 and accounted for 60.6% of the total PM2.5, while the
external PM2.5 concentration was 12.2 μg/m3 and accounted for
39.4% of the total PM2.5. The minor proportion (39.4%) of
external PM2.5 during the enhancement stage came from the
weaker northwest wind speed (~<3 m/s) in the troposphere of
850 hPa (Supplementary Figure S3).

The reasons for the lower peak value of the PM2.5 concentration
in the autumn case were the larger wind speed on the ground, the
typhoon before stable weather, and themessy wind direction in the
troposphere of 850 hPa, which provided better dilution conditions,
blocking up of PM2.5 accumulation, and less regional transport,
respectively.

The dilution stage was February 27 and September 20. After
stable weather, the external PM2.5 concentration at the surface level
was lower than that in the upper air, while the local PM2.5

concentration showed a reversed pattern. When the pollution
episodes ended, the vertical distribution of the contribution of
local and external sources switched to a normal result. In the winter
case, the local and external PM2.5 concentrations were 18.4 μg/m

3

and 26.3 μg/m3, accounting for 41.2% and 58.8% of the total PM2.5,
respectively, while they were 10.2 μg/m3 and 3.5 μg/m3, accounting
for 74.5% and 25.5% in the autumn case, respectively.

The Retention Effects of Regional Transport and Local
Emissions
The “retention effect” was caused by the trapped air pollutants
under stable weather conditions. As shown in Figure 9A, during
the stagnation stage of February 25, the retention part dominated
the PM2.5 pollution by more than 70%, in which the external
PM2.5 was the main source of the total PM2.5 (52.4%), whereas the
local PM2.5 only accounted for 18.8%, while during the
enhancement stage of February 25, the vast majority of total
PM2.5 was attributed to the RT (new) with a contribution of
86.3%, but to a much lesser extent, the LE (new) only
accounted for 10.6%. The higher wind speed and the
northwesterly wind during the enhancement stage facilitated
the transport of PM2.5 from the inland YRD to Shanghai,
resulting in the predominance of newly transported PM2.5. At
the same time, the wind direction at the seaside was
disordered, forming a cyclone, and hence a rather weak
outflow of highly polluted air mass over Shanghai.

However, as shown in Figure 9B, during the stagnation
stage of September 18, the local emissions part dominated the
PM2.5 pollution by more than 90%, in which the retention

FIGURE 9 | The simulated PM2.5 and pie chart of retention PM2.5 and
new PM2.5 in Shanghai in February (A) and September (B) 2017 (RT: Regional
Transport, LE: Local Emission.
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PM2.5 was the main source of the total PM2.5 (54.1%), whereas
the new PM2.5 only accounted for 37.1%. The minor
proportion (8.2%) of RT compared to the winter case was
caused by the blocking-up during the accumulation stage due
to the typhoon. During the enhancement stage of September
18, the total PM2.5 was mainly attributed to the LE (new) with a
contribution of 52.4%, but to a lesser extent, the RT (new) only
accounted for 46.2%. Compared with the winter case during
the enhancement stage, the wind speed was weaker at the
850 hPa level, which resulted in the RT (new) accounting for a
smaller portion of PM2.5.

To sum up, the PM2.5 concentration was dominated by
regional transport of the winter case, while local emission was
the main cause of the autumn case.

DISCUSSION

The general process of the two selected PM2.5 pollution
episodes in Shanghai, a coastal city, can be summarized in
Figure 10, and the whole pollution process can be divided
into four stages. The accumulation stage is the period before
stable weather to provide the background of PM2.5 for the
following stable stage. If the accumulation stage is blocked,
the pollution level will be effectively reduced during the
stable period. The stagnation stage is the nighttime during
stable weather, when temperature inversion and a fairly
small wind speed occur, making the retention PM2.5

highly stable, and the new air pollutants cannot be
transported inside at the same time. The enhancement

stage following the stagnation stage was key to deciding
the air pollution level, but diverse with different stable
weather types. The dilution stage comes after the stable
stage, during which the PM2.5 concentration will decline
rapidly. For the prevention and control of heavy particulate
pollution, the integration of local and regional emissions in
the YRD considering the diversity of stable weather was of
great importance (Wang, et al., 2020b).

It is noted that the simulation accuracy during stable
weather is still challenging. As provided in Section 2.5, the
monthly simulation accuracy evaluation was acceptable on
the whole, but with a larger underestimation during the stable
period (Figure 2). Thus, there must be some uncertainties
raised in the retention effect results by the large
underprediction in the high PM2.5 in this study. We
evaluated the simulation accuracy of the main components
of PM2.5 in Supplementary Figure S8 to explain the
underestimation in some degree. As shown in
Supplementary Figure S8, according to the comparison of
component observation data during two episodes, SO4

2- was
close to the observation data, but there was a large
underestimation in NO3

− and some other components of
PM2.5. The simulation of NH4

+ was better in the September
episode than that in the January episode. In September, the
underestimation in nitrate, organic carbon, and elemental
carbon concentrations was 5.4 μg/m3, 5.0 μg/m3, and 2.1 μg/
m3, accounting for 22%, 20%, and 9% of the PM2.5

underestimation, respectively. However, in the January
episode, the underestimation of NO3

− and NH4
+ reached

14.8 μg/m3 and 9.1 μg/m3, respectively, accounting for the

FIGURE 10 | The diagrammatic sketch of PM2.5 pollution process in stable weather.
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major part of underestimated PM2.5. It indicated that the discrepancy
between the simulated and observed components varied with the
weather conditions. The underestimated key components of PM2.5

in numerical simulations of stable weather need further attention in
the future.

CONCLUSION

In this study, two air pollution cases in autumn and winter of
2017 were selected to probe the evolution process of heavy air
pollution during stable weather, focusing on the contributions of
regional transport and local emissions to PM2.5 pollution.
According to the concentration of PM2.5 and meteorological
conditions, we defined the development of pollution episodes
into four stages: accumulation stage, stagnation stage,
enhancement stage, and dilution stage.

The accumulation stage before stable weather provided the
background of heavy PM2.5 pollution, whose northwest wind was
instrumental in regional transport. The “retention effects” led
retention PM2.5 to a dominant position during the stagnation
stage, which accounted for 71.2% and 41.2% of total PM2.5 in the
winter and autumn case, respectively. The enhancement stage
was conducive to regional transport, but not to the dilution of
PM2.5, which made RT (new) important during the enhancement
stage. During the enhancement stage, newly transported PM2.5

from regional transport accounted for 86.3% and 46.2% for the
winter and autumn cases, respectively. The dilution stage was
after stable weather when south or east clearer sea wind was
instrumental in PM2.5 dilution, and hence the PM2.5

concentration reduced rapidly.
The PM2.5 pollution in Shanghai was mainly from local

emission in the autumn case but from regional transport in
the winter case, accounting for 63.0% and 81.3%, respectively.
The blocked accumulation stage by a typhoon and the weaker
wind speed in the troposphere could reduce the pollution level
during stable weather. Our results suggest that promoting air
pollution control in the regional scale is very significant in the
prevention and control of heavy particulate pollution caused by

stable weather. Further studying the impact of meteorological
factors under stable weather versus anthropogenic emissions as
well as the precision of simulation is necessary in the near future.
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