:' frontiers ‘ Frontiers in Environmental Science

ORIGINAL RESEARCH
published: 11 July 2022
doi: 10.3389/fenvs.2022.947894

OPEN ACCESS

Edited by:

Honglei Wang,

Nanjing University of Information
Science and Technology Nanjing,
China

Reviewed by:

Yue Peng,

Chinese Academy of Meteorological
Sciences, China

Dongdong Wang,

China Meteorological Administration,
China

*Correspondence:
Ziying Cai
120078030@163.com

Specialty section:

This article was submitted to
Atmosphere and Climate,

a section of the journal

Frontiers in Environmental Science

Received: 19 May 2022
Accepted: 06 June 2022
Published: 11 July 2022

Citation:

Hao J, Cai Z, Han S, Ma G, Zhang M
and Qiu X (2022) Impacts on
Meteorological Parameters and
Pollutants by Aerosol Direct Radiative
Effect Over Tianjin, China.

Front. Environ. Sci. 10:947894.

doi: 10.3389/fenvs.2022.947894

Check for
updates

Impacts on Meteorological
Parameters and Pollutants by Aerosol
Direct Radiative Effect Over Tianjin,
China

Jian Hao "2, Ziying Cai®**, Sugin Han®*, Gengxue Ma®, Min Zhang®* and Xiaobin Qiu"?

Tianjin Institute of Meteorological Science, Tianjin, China, ZTianjin Key Laboratory for Oceanic Meteorology, Tianjin, China,
STianjin Environmental Meteorological Center, Tianjin, China, 4CMA-NKU Cooperative Laboratory for Atmospheric Environment-
Health Research, Tianjin, China, °Beichen Meteorological Bureau, Tianjin, China

The direct radiative effect (DRE) of anthropogenic aerosols on meteorological elements and
pollutants over Tianjin, China, was investigated using a fully coupled meteorology-
chemistry model [Weather Research and Forecasting (WRF) model coupled with
Chemistry (WRF-Chem)] for the entire year of 2021. The results showed that the
ground solar radiation decreased from 208.84 W m™ to 194.52 Wm™ due to DRE in
Tianjin, and the percentage of the reduction was 6.86%. The reduction of ground solar
radiation resulted in a 0.90% decrease in temperature, 1.13% decrease in boundary layer
height, and 6.01% decrease in visibility, respectively, and a 0.80% increase in relative
humidity. Changes in meteorological parameters changed the diffuse conditions of
pollutants, leading to an increase of PM, 5. Higher concentration of pollutants leads to
stronger DRE, and the percentages of changes caused by DRE on polluted days are higher
than those on clean days. The DRE influence on pollutants can be summarized as a
weather — aerosol — weather — air quality circulation mechanism. The DRE had more
severe influence on meteorological elements and pollutants on foggy days. With the
emission reduction of pollutants, the influence of the DRE has declined.

Keywords: direct radiative effect, anthropogenic aerosol, WRF-Chem simulation, west coast of the Bohai Sea, foggy
days, emission reduction

INTRODUCTION

The aerosol particles are suspended in the atmosphere. They can reduce atmospheric visibility,
impede air quality, and harm human health (Cao et al., 2013; Liu et al., 2014; Gupta et al., 2016; Liang
et al,, 2016; Syu et al., 2016; Khaefi et al., 2017); they can also affect the earth’s climate directly by
scattering and absorbing solar and terrestrial radiation and indirectly by serving as cloud
condensation nuclei (CCN) and ice nuclei (IN), whereby influencing the microphysical and
radiative properties of clouds (Mccormick and Ludwig, 1967; Twomey, 1974; Twomey, 1977;
Albrecht, 1989; Charlson et al., 1992; Ramanathan et al., 2001; IPCC, 2013). The IPCC Fifth
Assessment Report AR5 (Myhre et al., 2013) shows that the total (all aerosol types) global aerosol
radiative forcing is —0.35 Wm > (uncertainty range between —0.85 and +0.15 Wm ). Compared to
the previous AR4, there is a decrease in the negative radiative forcing and an increase in the range,
which even includes a positive radiative. This indicates that the effects of aerosols on solar radiation
are still not well understood and further research is needed.
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The aerosol radiative effect can reduce the occurrence of
precipitation, affect the East Asian monsoon, and enhance the fog
range (Wu and Han,, 2011; Wu and Zhou, 2013; Li et al,, 2015).
Studies in Eastern China show that due to the large number of
pollution emission generated by human activities, a vicious cycle
between weather and aerosol is formed under adverse weather
conditions (Zhang et al, 2013). That is, when adverse
meteorological conditions occur, there are larger amounts of small
particles in the air, which reduces the solar radiation reaching the
surface through scattering and absorption, thus weakening the
atmospheric turbulence and reducing the height of the boundary
layer, making the atmosphere more stable and meteorological
conditions more unfavorable to the diffusion of pollutants (Liu
et al, 2011). In addition, under high-humidity conditions, the
presence of a large number of fog condensation nuclei (FCN) in
the air on heavily polluted days will prolong the life time and enhance
the intensity of fog. A long-time maintenance of the inversion in fog
top and light wind weather in the fog area further aggravate the
degree of heavy pollution, thus leading to frequent and long-term
maintenance of heavy pollution (Deng et al., 2011; Zhang et al., 2011;
Zhang et al,, 2012).

A lot of studies have been conducted to research the influence of
aerosol direct radiative effect through observations (Patadia et al,
2008; Li et al., 2017; Zhang et al,, 2019; Kumar et al., 2020; Nojarov
et al,, 2021) and model simulations (Wang et al., 2015; Das et al.,
2016; Sekiguchi et al., 2018; Nguyen et al., 2019). In recent years, with
the emergence of online coupled bidirectional feedback weather
chemical models, quantitative description of mesoscale weather
models has become an option. The Weather Research and
Forecasting (WRF) model coupled with Chemistry (WRF-Chem)
is a mesoscale online coupled meteorology-chemistry model
developed by NCAR, universities, and research institutes. The
WREF-Chem model considers the chemical processes of air
pollution, advective transport, and turbulent diffusion and wet
and dry deposition processes, which is widely used in global air
quality forecasts and simulations (Forkel et al., 2012; Forkel et al,
2013; Crippa et al., 2016; Kedia et al., 2016). Liao et al. (2015), Yang
et al. (2015), and Cai et al. (2017) used the WRF-Chem model to
study the influence of aerosol direct radiative effect on temperature,
fog-haze, and pollutants.

Tianjin is the largest open coastal city in north China, west of
Beijing. It is located on the west coast of the Pacific Ocean, north of
the North China Plain, east of the Bohai Sea, and north of the
Yanshan Mountains. With the rapid development of the economy
and industrialization process in Tianjin, environmental pollution is
still not well controlled, and the aerosol direct radiative effect in
Tianjin is not well understood. In this article, the WRF-Chem model
was used to simulate the influence of aerosol direct radiative effect on
the meteorological parameters and pollutants in Tianjin to provide
better conclusions to control air pollution.

MODEL AND DATA DESCRIPTION

Monitoring Data
The meteorological data were collected from 13 regional
meteorological stations, Tianjin, China, during 01-01-2021 to 31-
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12-2021, including hourly data of temperature, relative humidity,
atmospheric pressure, and precipitation. The pollutant data such as
PM, s, PM;, SO, CO, and O; were collected from the Tianjin
environmental monitoring center with a time resolution of 5 min
during 01-01-2021 to 31-12-2021. The pollutant data were from 20
environmental monitoring stations belonging to the Tianjin
environmental monitoring center. The incorrect data were culled,
and the pollutant data were calculated into an hourly average.

Model Configurations

The Weather Research and Forecasting (WRF) model coupled with
Chemistry (WRF-Chem) version 3.8.1, a fully coupled, online
meteorology-chemistry model (Grell et al, 2005), was used to
investigate the DRE of anthropogenic aerosol in Tianjin, China.
The Carbon Bond Mechanism, version Z (CBMZ), gas-phase
chemistry mechanism, and the Model for Simulating Aerosol
Interactions and Chemistry (MOSAIC) scheme for aerosol
simulation were selected (Fast et al, 2006). Aerosol radiative
feedback was coupled with the radiative transfer model (RRTMG)
for both shortwave and longwave radiation. The simulations were
performed at a 15 km horizontal resolution, covering China and its
surrounding areas with 121 x 121 grid cells, the central latitude and
longitude being 39N" and 116E’. The 41 vertical layers from the
ground level to the top pressure of 50 hPa were used for all grids. The
boundary layer parameter scheme used the Yonsei University (YSU)
scheme. The land surface parameter scheme used the Noah scheme.
The microphysical parameter schemes used the single-moment 5-
class microphysics (WSM5) scheme.

Experimental Design

Three cases were designed to study the influence of the DRE on
meteorological parameters and pollutants. The DRE was considered
in case 1. The Tsinghua University MEIC 2020 anthropogenic
emission source inventory was used for the simulation of the
entire year of 2021, covering the simulation area except Tianjin,
with a resolution of 0.25° x 0.25°. The emission source used over
Tianjin was the data from the Tianjin emission census in 2021. In
order to discuss the DRE influence, case 2 did not consider the DRE.
The emission source was the same as in case 1. Case 3 considered the
DRE; the emission was from the Tsinghua University MEIC 2015
anthropogenic emission source inventory. The simulation was also
conducted for the entire year of 2021. The emission reduction was
conducted since 2015, and the aim of case 3 was to study the influence
of emission reduction of pollutants. The initial meteorological fields
and boundary conditions were from the 6 h National Centers for
Environmental Prediction (NCEP) Final Analysis (FNL) with 1° x 1°
spatial resolution. The FNL meteorological initial field was reused
every 24 h, and the outputs from previous runs were used as the
pollution field initial conditions for the next run.

RESULTS AND DISCUSSIONS

Model Evaluation

Before the discussion of the DRE influence, whether the
simulation results can be used should be ensured. As case 1
was more similar to reality, the observation data and simulation
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TABLE 1 | The statistical correlation between observation data and simulation results of WRF-Chem.

Parameters Simulation average value

43.18
18.37
54.80

PMg.s/ig m™®
T/°C
RH/%

200
@ PM,;,

Linear fit

150

PM,  observation /ug m™
8

wn
<

100

150 200 250

PM,  simulation/ug m™

FIGURE 1 | Linear relationship between the PM, s observation data and
PM, 5 simulation resuilt.

results of case 1 are listed in Table 1, including PM,s,
temperature (T), and relative humidity (RH). Their correlation
coefficient and the annual mean relative error were calculated.
The simulated PM, 5 was at a height of 2-5 m, and the simulated
temperature and RH were at a height of 2 m. The simulation
result was averaged from 13 regional stations’ simulation results.

Observation average value

41.40
13.54
61.36

Correlation coefficient Relative error (%)

0.76
0.99
0.92

35.90
6.85
11.94

The simulated PM, 5 in 2021 was 43.18 pg m~>, and the PM, 5
observation was 41.20 ug m™>. The bias of the simulated PM, 5
was just 1.78 ugm™>, and the relative error was 35.90%. The
correlation coefficient between simulated PM,s and PM,;
observation was 0.76. They were in a positive linear
correlation (Figure 1). The bias value of simulated PM, 5 less
than 10 ugm >, 15 ugm >, 20 uygm~>, and 25 pug m > accounted
for 44.93%, 65.48%, 75.34%, and 82.19%, respectively, in total
samples. Therefore, the PM, 5 simulation results of WRF-Chem
were close to the observation data, and the simulation
performance was good. The biases of T and RH were 0.17°C
and 6.56%, and the correlation coefficients were 0.99 and 0.92.
WRF-Chem was more accurate in the simulation of
meteorological elements. Overall, the simulation results were
reliable, which can prove the performance of WRF-Chem
was good.

The Direct Radiative Effect on Ground Solar

Radiation

The DRE is the effect of aerosols affecting the earth’s climate
directly by scattering and absorbing solar and terrestrial
radiation. The simulation results showed that ground solar
radiation (GSR) was reduced due to the DRE in Tianjin,
China. The simulated GSR was 194.52W m ™ in case 1 and
208.84 Wm™ in case 2. The simulated GSR was reduced by
1432Wm™ in 2021 in Tianjin due to the DRE, and the
percentage of reduction was 6.86%. The reduction and
reduction percentage in each month are shown in Figure 2. In
March, the decline was most pronounced; the GSR was reduced

A 25 Bis _
V777 Solar radiation reduction N\ Percentage of solar
204 radiation reduction
g
2
= 151
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=
g
S 10
s
)
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FIGURE 2 | Reduction (A) and percentage of reduction (B) of simulated ground solar radiation caused by the DRE in 2021.
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TABLE 2 | The DRE on simulated meteorological elements.

Case T/°C RH/% PBLH/m Visibility/km
Case 1 13.37 56.15 483.37 26.78
Case 2 13.49 55.70 498.36 28.39
Case 1 minus case 2 -0.12 0.45 -14.99 -1.61
0.20 = =
Y7/} Temperature reduction
v

Temperature/°C

FIGURE 3 | Reduction of simulated temperature caused by the DRE in
each month of 2021.

by 21.72 W m ™ with a percentage of 10.81%. The declines in June
and August were also evident, with values of 20.73 W m™> and
19.03 W m ™2, while the reductions in October and December
were the most inapparent, with a value of less than 10 W m ™2, The
GSR decreased most in summer, then spring, and autumn and
least in winter. The reduction percentage value was in the range of
5.24%-10.81%. The order of reduction percentage from high to
low was winter, autumn, spring, and summer. Although the GSR
and its reduction were most in summer and least in winter, the
DRE had the most severe influence in winter.

The Direct Radiative Effect on

Meteorological Parameters
The scattering of aerosol can reduce the incoming solar radiation and
lead to a reduction of GSR, and then, the temperature decreases. The
black carbon can absorb the incoming radiation and heat the
atmosphere. The DRE broke the original thermal and dynamic
structure of the boundary layer, further affected the transport of
water vapor, turbulence, sensible heat, and latent heat, and then,
changed the meteorological elements. As Table 2 shows, the annual
temperature decreased by 0.12°C, RH increased by 0.45%, planetary
boundary layer height (PBLH) decreased by 14.99m, and the
visibility decreased by 1.61km. The DRE decreased the
temperature firstly, then the evaporation process was weakened,
and the RH increased.

The reduction of temperature caused by the DRE in all months is
shown in Figure 3. The temperature decreased 0.18°C in February,

DRE on Meteorological Parameters and Pollutants

A\ Percentage of PBLH reduction

Percentage/%

FIGURE 4 | Simulated PBLH reduction percentage caused by the DRE
in 2021.

| P Percentage of PM, ; variation ¥
[ Percentage of Oy variation

-5.0-

FIGURE 5 | Percentage of simulated PM, 5 and Og variation caused by
the DRE in 2021.

the highest decrement in the whole year. The reduction in August and
January followed February with 0.17°C and 0.15°C, and the
temperature decreased less than 0.15°C in all other months. The
simulated temperature decreased most in winter, then autumn, and
summer and least in spring. The seasonal variation trend of simulated
temperature reduction and percentage of GSR reduction was the
same. Winter and autumn were more influenced by the DRE than
spring and summer. Furthermore, the linear correlation coefficient
between these two parameters was 0.69. It means that the effect of
DRE on temperature is most direct and significant.

PBLH is determined by the solar radiation, weather system, and
local terrain. With the variation of GSR, the PBLH also varied. The
decrease in simulated PBLH was in the range of 7.98-22.60 m. The
reduction percentage of the simulated PBLH was the highest in
August with 4.85%, followed by February and March with 4.33% and
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TABLE 3 | The DRE on meteorological elements and pollutants on polluted days and clean days.

Elements Air quality Case 1
GSR/W m~2 Polluted 140.38
Clean 197.18
T/°C Polluted 9.66
Clean 13.55
RH/% Polluted 60.97
Clean 55.82
PBLH/m Polluted 312.06
Clean 492.08
PM,s/ug m= Polluted 114.63
Clean 40.45
Og/ppb Polluted 18.16
Clean 28.75

Case 2 Case 1 minus Percentage of
case 2 difference
165.00 -24.62 -17.54%
211.21 -14.08 -7.15%
9.99 -0.33 -3.42%
13.67 -0.12 -0.89%
59.72 1.25 2.05%
55.38 0.44 0.79%
348.01 -35.95 -11.52%
506.14 -14.06 —-2.86%
106.34 8.29 7.23%
39.09 1.36 3.36%
19.91 -1.75 -9.64%
28.96 -0.21 -0.73%

TABLE 4 | The DRE on meteorological elements and pollutants on foggy days and non-foggy days.

Elements Weather Case 1
T/°C Foggy 11.14
Non-foggy 13.58
RH/% Foggy 64.15
Non-foggy 55.38
GSR/W m™2 Foggy 149.64
Non-foggy 108.83
PBLH/m Foggy 405.23
Non-foggy 490.88
Vapor/g kg™ Foggy 5.79
Non-foggy 6.75
FWC/ug kg™ Foggy 6.28
PM, s/lig m™® Foggy 72.87
Non-foggy 40.32
Oa/ppb Foggy 20.47
Non-foggy 28.92

TABLE 5 | Pollutant emission in Tianjin in 2015 and 2021.

Elements 2015 2021 Reduction percentage (%)
PMy 5/10 kt 7.50 4.55 39.33
SO,/10 kt 15.70 9.34 40.51
NO,/10 kt 34.20 14.76 56.82

4.20% (Figure 4). The seasonal variation trend of simulated PBLH
reduction percentage was the same as the reduction of simulated
temperature and reduction percentage of GSR. The DRE caused a
worse diffusion condition for the pollutants.

Relation Between the Direct Radiative

Effect and Pollutants

Simulated PM, 5 caused by the DRE increased by 1.62 ugm™, and
the percentage was 3.75%, while the simulated O; decreased by
0.97%. As shown in Figure 5, the simulated PM,s increased
throughout the year. The increment percentage in August was
8.26%, which was the highest in the whole year, and the value in
December was the lowest, which was 1.35%. The increase in summer

Case 2 Case 1 minus Percentage of
case 2 difference
11.36 -0.22 -1.97%
13.70 -0.12 -0.88%
63.19 0.96 1.50%
54.96 0.42 0.76%
165.50 -15.86 -10.60%
213.01 -14.18 -7.13%
428.56 -23.33 -5.76%
504.85 -13.97 -2.85%
5.78 0.01 0.17%
6.74 0.01 0.15%
4.89 1.39 22.13%
68.31 4.56 6.26%
38.98 1.34 3.32%
21.11 -0.64 -3.13%
29.16 -0.24 -0.83%

and autumn was higher than in spring and winter. According to the
statistics of 365 daily samples throughout the year, the maximum
increment was 23.35 ug m . The increment in 0.27% of the total
simulated days was larger than 20 g m >, and the values larger than
10 ygm > and 5 pg m > accounted for 1.64% and 7.95% of the total
simulated days. While on 59.45% of the total days, the feedback of the
DRE was not obvious, the increment was less than 1 pgm™. The
DRE changed the atmospheric stability and meteorological diffusion
conditions by breaking the radiation balance, thus increasing the
aerosol number concentration. The increase in PM,5 further
enhanced DRE and formed a positive feedback, resulting in poor
air quality. The DRE affected meteorological elements such as
temperature, RH, and PBLH and then changed the diffusion
conditions of pollutants, which can be expressed as a cyclic
feedback effect of weather — aerosol — weather — air quality.
The DRE of anthropogenic aerosols mainly inhibited the
generation of O; in the Tianjin area. Except for July and
August, the simulated O; decreased in all other months, with
the reduction percentage ranging from 0.09% to 4.66%. The
increment percentage in July and August was 0.38% and
1.00%. The reduction percentage was the highest in March
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TABLE 6 | Effects of emission reduction on meteorological elements and pollutants.

DRE on Meteorological Parameters and Pollutants

Case T/°C RH% GSR/W m™2 PBLH/km PM_s/ug m™ O3/ppb
Case 1 13.37 56.15 194.52 483.37 43.18 28.18
Case 3 13.32 56.38 184.80 472.95 69.34 25.76
Case 1 minus case 3 0.05 -0.23 10.42 -26.16 242
5 The days with a daily average observed PM, s > 115 ugm™>
Percentage of ground solar radiation increment were defined as polluted days, and the other days were clean days
8 (Chen et al., 2016); there were 15 polluted days in 2021. Table 3
shows the DRE on meteorological elements and pollutants on
7 polluted days and clean days. As shown in Table 3, the GSR of
.6 polluted days was weaker than that of clean days. This is because
% the pollution cases almost occurred in autumn and winter with
%”5 weak basic solar radiation. Meanwhile, polluted days were also
5 characterized by low temperature, high RH, and low PBLH (Han
§ et al., 2018a; Han et al., 2018b).

S = N W A

FIGURE 6 | Percentage of simulated ground solar radiation increment
caused by emission reduction from 2015 to 2021.

V. Percentage of boundary layer height increment

¥ /
Moo e | P

FIGURE 7 | Percentage of simulated planetary boundary layer height
increment caused by emission reduction from 2015 to 2021.

and the lowest in September. As a photochemical pollutant, Os
was more sensitive to radiation than diffusion (Gao et al., 2020).
As the GSR decreased, the photochemical intensity decreased,
resulting in the decrease of O3 concentration.

Table 3 shows that the meteorological parameters and
pollutants were influenced strongly on polluted days than on
clean days. The GSR decreased by 17.54% due to the DRE on
polluted days, 10% higher than on clean days. As the aerosol
concentration on polluted days was higher than on clean days,
more solar radiation was scattered by aerosol particles at high
altitude, leading to more reduction of the GSR, and the DRE was
enhanced. The decrement of T was 0.33°C on polluted days and
0.12°C on clean days, the percentage of decrement was 3.42% and
0.89%, and the reduction percentage of T on polluted days was
about four times that of clean days. The RH increased 2.05% and
0.79% on polluted and clean days, respectively; the PBLH
decreased by 35.95m on polluted days and 14.06 m on clean
days. Due to the DRE, the variation of T, RH, and PBLH was
significantly higher on polluted days. PM,s increased to
8.29 ugm ™ with a percentage of 7.23% on polluted days and
1.36 ug m > with a percentage of 3.36%, which was half of that on
polluted days. The DRE decreased O; by 1.71 and 0.20 ppb on
polluted and clean days, respectively, and O; was almost not
affected by the DRE on clean days.

The formation and maintenance of fog are affected by solar
radiation and the boundary layer. The DRE can aggravate air
pollution, and its influence on foggy days was studied in the
following. The definition of foggy days should meet the following
three conditions: 1) RH > 90%; 2) visibility < 1 km; and 3) foggy
weather had been recorded in more than 50% regional
meteorological stations. From the statistics, there were 33
foggy days in 2021.

Table 4 shows the DRE on meteorological elements and
pollutants on foggy days and non-foggy days. On foggy days,
the temperature was low, RH was high, GSR was weak, and the
PBLH was low. The DRE led to a more severe change on foggy
days in both the meteorological parameters and the pollutants. T
decreased more than two times on foggy days than on non-foggy
days, RH and PM, 5 increased two times on non-foggy days, and
PBLH and O3 decreased two times and about four times on non-
foggy days. On foggy days, the DRE can play a stronger role on
the meteorological elements and pollutants which lead to external
conditions that are not conductive to fog dissipation. The fog
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TABLE 7 | Simulated meteorological parameters and pollutants on foggy and non-foggy days caused by emission reduction from 2015 to 2021.

Elements Weather Case 1
T/°C Foggy 11.14
Non-foggy 13.58
RH/% Foggy 64.15
Non-foggy 55.38
GSRMWm™2 Foggy 149.64
Non-foggy 198.83
PBLH/m Foggy 405.23
Non-foggy 490.88
PM,s/ig m™3 Foggy 72.87
Non-foggy 40.32

water content (FWC) increased to 1.39 ug kg ™' by a percentage of
22.13% due to the DRE, meaning the concentration of fog
droplets increased. The DRE strengthened the intensity of fog
by influencing the meteorological conditions and increasing the
aerosol concentrations in the atmosphere, and higher
concentration of fog condensation nuclei, lower temperature,
lower boundary layer height, and higher RH were made for
the maintenance and strengthening of fog.

Influence of Pollution Abatement on the
Direct Radiative Effect

The influence of emission reduction is studied through simulation of
case 3. In case 3, the emission source is from the year of 2015, and the
rest of the parameters were set as in case 1.

The pollutant emission in Tianjin from MEIC 2015 and the
Tianjin emission census in 2021 listed in Table 5 was the sum of
the whole year. It can be seen that from 2015 to 2021, the emission
of all pollutants decreased obviously. The primary emission of
PM, 5 in 2015 was 1.65 times that of 2021. Due to the effective
control of air pollution in recent years, the simulated PM, s
decreased from 69.34 ugm ™ in 2015 to 43.18 ygm™> in 2021
(Table 6), the value in 2015 was 1.61 times that in 2021, and the
emission reduction effectively reduced PM, s pollution. As a
significant emission reduction effect of pollutants, the GSR
increased from 184.80 Wm™ in 2015 to 19452Wm™ in
2021, with an increment of 9.72W m™. Meanwhile, the
temperature and PBLH increased 0.05°C and 10.42m,
respectively, while the RH decreased 0.23% influenced by the
emission reduction. Overall, the control of air pollution has been
very effective.

The percentage of the GSR and PBLH increment in each
month is shown in Figures 6, 7. In October, the percentages of the
GSR and PBLH increment were both the highest of the whole
year, and the lowest value of the percentage was shown in May.
The emission reduction was most significant in autumn and least
significant in spring.

On foggy days, the effect of emission reduction on
meteorological parameters and pollutants was more significant
than on non-foggy days except for the RH and PM, 5 (Table 7).
That means the improvement of air quality plays a certain role in
reducing the occurrence and development of fog.

Case 3 Case 1 minus Percentage of
case 3 difference
11.04 0.10 0.90%
13.583 0.05 0.37%
64.50 -0.35 -0.55%
56.00 -0.62 -1.12%
139.38 10.26 6.86%
189.16 9.67 4.86%
390.20 15.03 3.71%
480.90 9.98 2.08%
112.15 -39.28 -53.90%
65.23 -24.91 -61.78%
CONCLUSION

Based on the simulation of three cases by WRF-Chem, the direct
radiative effect of anthropogenic aerosols on meteorological
parameters and pollutants was studied. The direct radiative
effect on polluted days and foggy days was analyzed, and the
results of emission reduction from 2015 to 2021 were also shown.
The results showed the following:

1) Affected by the direct radiative effect, the simulated ground solar
radiation in Tianjin decreased to 14.32 W m™2 with a percentage
of 6.86% in 2021. The other simulated meteorological parameters
such as temperature, boundary layer height, and visibility
decreased by 0.12°C, 548 m, and 1.61 km, respectively, and the
relative humidity increased by 0.45%, which caused a worse
diffusion condition for the pollutants. The direct radiative
effect was more pronounced in winter and autumn than in
summer and spring.

2) A worse diffusion condition caused by the direct radiative effect
concentrated the aerosol particles in the boundary layer, leading to
an increment of PM, 5. On the opposite, weaker solar radiation was
not conducive to photochemical reactions and reduced O; content.
A more polluted environment strengthened the direct radiative
effect; all the meteorological parameters and pollutants had greater
magnitude of change caused by the direct radiative effect on
polluted days. A cyclic feedback effect of weather — aerosol —
weather — air quality can be described on polluted days.

3) The emission reduction conducted during 2015-2021 was
effective with a reduction percentage of 39.33% in PM,s.
Improvement in air quality increased the temperature by
0.05°C, ground solar radiation by 9.72' W m™, and boundary
layer height by 10.42 m and decreased the relative humidity by
0.23%. The meteorological parameters were beneficial to the
diffusion of pollutants, reduction of pollution, and suppression
of occurrence and development of fog.
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