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We find that the aerosol-radiation interaction decreased the downward shortwave radia-

Meteorological factors

tion and the temperature at 2 m, reduced the planetary boundary layer height (PBLH) in the

Pollutant concentration

region, and increased the relative humidity at 2 m, which is favorable for pollution accumulation. Our results revealed that the interaction effect due to emission reductions increased
downward shortwave radiation by an average of 0–5 W/m2 , leading to increase in surface
temperature of 0–0.05°C, increase in the daytime mean PBL high of 0–8 m, and decrease in
daytime mean relative humidity at 2 m of 0.5%. We found that if there were aerosol-radiation
interaction, it would enhance the effectiveness of emission control measures on air pollution control. The enhance of PM2.5 (particulate matter less than 2.5 μm), PM10 (particulate
matter less than 10 μm), and NO2 (nitrogen dioxide) emission reduction effects reached
7.62%, 6.90%, 11.62%, respectively, over this region.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Air pollution is a severe environmental problem in China
(Kang et al., 2016; Li and Han, 2016; Kanaya et al., 2017). It
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poses a considerable threat to human health and affects
climate change (Cao et al., 2012; Lang et al., 2017; Sharma and
Balasubramanian, 2018; Ma et al., 2019). Aerosols can scatter
(i.e., sulfate) and absorb (i.e., black carbon (BC)) solar radiation,
which will affect the solar radiation in the atmosphere and
the temperature at the surface (Santos et al., 2008; Dhar et al.,
2017; Obregón et al., 2018). This effect is called the aerosolradiation interaction. The aerosol-radiation interaction can
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cause changes in photolysis rates of photochemistry and
regional meteorological factors, which affect air pollutants
dispersion (Charlson et al., 1992; Pere et al., 2011; Boucher
et al., 2013; Xing et al., 2015; Guo et al., 2016; Dong et al., 2018).
The Chinese government has made great efforts to reduce
air pollution. A series of air pollution control plans have
been issued by both central and local Chinese governments
to effectively control regional PM2.5 (particulate matter less
than 2.5 μm) pollution and improve air quality. The emission
controls include the normal regulation of emission reduction
and the emergency emission reduction. For example, in 2014
and 2015, the government ensured that the Asia–Pacific Economic Cooperation (APEC) meeting and the 70th anniversary
of the Anti-Japanese War victory were successfully held
when pollution levels were low. Emission controls have been
correspondingly implemented in Beijing and the surrounding
provinces (Hebei, Shaanxi, Inner Mongolia, Shandong, and
Henan Provinces) (Wen et al., 2016; Wang et al., 2017). These
emission controls provided experimental opportunities to
explore the impact of emission controls on air pollution.
For example, during the 2008 Olympic Games, the primary
pollutants were significantly reduced, while the secondary
pollutants increased after the full emission controls (Zhang
et al., 2009; Wang et al., 2010). During the APEC period, the
secondary aerosols had the greatest reductions, while the
primary aerosols experienced a smaller change (Xu et al.,
2015; Sun et al., 2016). These results highlighted the different
responses of aerosol chemistry to emission controls.
In recent years, more attention has been paid to the potential feedback of aerosols to meteorological factors. There
are increasing applications of online coupled models (i.e.
WRF-Chem (weather research and forecasting model with
chemistry)) on the study of aerosol feedbacks (Gao et al., 2014,
2016; Toll and Männik, 2015; Kalenderski and Stenchikov,
2016; Wang et al., 2018; Rizza et al., 2018; Goto et al., 2019;
Hirti et al., 2019). Makar et al. (2015) found that temporal and
spatial changes in the forecasted predictions of meteorological variables were due to direct and indirect aerosol feedbacks,
with the largest impacts occurring in the summer and near
large sources of pollution. The impacts of the changes in
temperature, boundary layer height, and clouds that were
triggered by the direct effect of aerosols on radiation were
found to dominate the direct effect of aerosol particles on
solar radiation (Forkel et al., 2012). Zhang et al. (2010) applied
WRF-Chem and found that aerosols could reduce incoming
solar radiation by up to 9% in January and 16% in July over
most of the continental USA. At the same time, 2-m temperatures can be reduced by up to 0.16°C in January and 0.37°C in
July. Although a few studies have investigated the influence of
aerosol-radiation interactions on regional climate change in
China (e.g., He et al., 2015; Leng et al., 2016; Zhang et al., 2016;
Zhong et al., 2018), our knowledge of the impact of emission
reduction on aerosol-radiation interactions in the BeijingTianjin-Hebei (BTH) region are far from complete. Knowing
how these interactions may impact the response of air pollution to emission reductions and thus the effectiveness of
emission control measures is necessary. The feedbacks induced by emission controls must be considered to understand
the complex relationship between air quality and climate.
In December 2015, the Beijing-Tianjin-Hebei (BTH) region
experienced several episodes of heavy air pollution. As an
emergency response to pollution situations, the government
immediately issued emergency control measures to reduce
the pollution. This scenario provided experimental opportunities to explore how aerosol-radiation interactions respond
to temporary emission control measures. In this work, the
fully coupled online model WRF-Chem was applied to investigate this issue with a focus on aerosol–radiation interactions
in the BTH region during the week of pollution. This work
presents a regional-scale sensitivity study performed with
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WRF-Chem, with the purpose to emphasizing the need to
account for aerosol–meteorology interactions when designing
emission control measures and assessing their effectiveness.

1.

Materials and methods

1.1.

Model description

The fully coupled chemical transport on-line model (WRFChem, version 3.4.1) was used in this study. The physics
options include the New Thompson microphysics scheme
(Thompson et al., 2008), the Goddard shortwave scheme (Chou
and Surarez, 1994), the rapid radiative transfer model (RRTM)
longwave radiation scheme (Mlawer et al., 1997), and the Yonsei University (YSU) planetary boundary layer (PBL) scheme
(Hong et al., 2006). Carbon Bond mechanism version Z (CBM-Z,
Zaveri and Peters, 1999) was used to calculate the gas phase
chemistry, which consists of 67 prognostic species and 164 reactions. The aerosol module used was the model for simulating aerosol interactions and chemistry (MOSAIC) (Zaveri et al.,
2008). MOSAIC includes sulfate, methane, sulfonate, nitrate,
chloride, carbonate, ammonium, sodium, calcium, black carbon (BC), primary organic mass (OC), liquid water, and other
inorganic mass (OIN) (e.g., trace metals, silica and other inert
minerals). The module can simulate major aerosol processes
(e.g., inorganic aerosol thermodynamic equilibrium, binary
nucleation, coagulation, condensation, the particulate matter
formation due to aqueous-phase chemistry, aerosol scavenged by cloud droplets, and dry and wet deposition) other
than for secondary organic aerosol formation. In MOSAIC, the
particle size distribution is simulated for four size bins (0.039–
0.1, 0.1–1.0, 1.0–2.5, and 2.5–10 μm). The model calculated
biogenic emission online using Gunther scheme. The direct
effect of aerosols on shortwave radiation is simulated based
on Mie theory following the approach of Fast et al. (2006).

1.2.

Simulation configurations and design

The modeling domain covers a portion of northern China
with 223 × 202 horizontal grid cells (as shown in Fig. 1). The
horizontal resolution is 9 km. Thirty logarithmic structure
layers divide the modeling vertical resolution, which ranges
from the surface to a fixed pressure of 100 mb. The National
Centers for Environmental Prediction (NECP) Final Analysis Reanalysis data are used to generate the meteorology
initial and boundary conditions. The 0.25° MEIC (the mutliresolution emission inventory for China) emission inventory
of the year 2014 was used as the anthropogenic emission
input (http://meicmodel.org). The model was applied for a
35-day period in Beijing, starting on November 25 and ending
on December 31, 2015. The first 5 days were considered as the
spin-up time and were excluded from the analysis.
The red alert represents the highest level of alert in
response to heavy pollution, when mean hourly PM2.5 concentration over 150 μg/m3 lasts for over three days. During the
red alert period, corresponding air pollution control measures
are required. The control measures include public health protection measures, recommended control measures, and compulsory control measures. Public health protection measures
include avoiding outdoor activities, expert interpretation and
information publicity, and wearing masks. Recommended
measures include canceling all large outdoor activities and
closing all schools. Compulsory measures include suspending all construction projects, implementing even and oddnumbered license plates policy, and suspending the operation
of more industrial plants. The first red alert was issued by Beijing municipal government on December 8 and was canceled
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Fig. 1 – Model simulation domain and topography height. BJ: Beijing; TJ: Tianjin; TS: Tangshan; BD: Baoding; SJZ:
Shijiazhuang.

Table 1 – Pollutant emission reduction ratios during the red-alert.
Emission region

Source category

SO2

NOx

PM10

PM2.5

VOC

Beijing

Traffic
Industry
Other

–
55%
10%

48%
46%
10%

59%
40%
10%

60%
42%
10%

50%
37%
10%

Tianjin

Traffic
Industry
Other

–
30%
10%

–
30%
10%

–
30%
10%

–
30%
10%

–
30%
10%

Hebei

Traffic
Industry
Other

–
15%-30%
10%

18%-55%
15%-30%
10%

18%-55%
15%-30%
10%

18%-55%
15%-30%
10%

18%-55%
15%-30%
10%

SO2 : sulfur dioxide; NOx : nitrogen oxide; PM2.5 : the particulate matter less than 2.5 μm; PM10 : the particulate matter less than 10 μm; VOC:
volatile organic compounds.

on December 10. The second red alert was issued on December 19 and canceled on December 22, when the air quality was
considerably improved in the region. The emergency control
measures were implemented immediately in Beijing and the
surrounding provinces. The emission reduction inventory
was mainly updated based on municipal environmental
protection bureaus and the implementation of emergency
control measures during the 2 red alert periods (Jia et al.,
2017). Three emission categories were updated, including
industrial (industry sources), traffic (transportation sources),
others (others, including coal-burning, power, etc.). Details of
the reduction emission inventory can be found in Table 1.
In this research, several sensitivity simulations were conducted by turning on/off aerosol-radiation interaction and
with/without emission reduction to investigate the impact of

emission reduction on aerosol-radiation interaction. Scenario
base1 was designed to represent the actual pollution process
in Beijing during December 2015. Various emergency control
measures were implemented and the direct aerosol feedback
was activated. The simulation results from Scenario base1
were used for model verification. The base1 and simulation
was with emission reduction and the aerosol-radiation interaction turn on. The base2 simulation was with emission
reduction and the aerosol-radiation interaction was turned
off. The scenario1 simulation was without emission reduction and the aerosol-radiation interaction was turned on. The
scenario2 simulation was without emission reduction and
the aerosol-radiation interaction was turned off. Here, we
define the impact of emission reduction on aerosol-radiation
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Table 2 – Statistical results of simulated and monitored meteorological data.
Beijing

Tianjin

Baoding

Shijiazhuang

Tangshan

T2
(K)

NMB (%)
NME (%)
CC

−1.00
1.00
0.72

1.00
0.58
0.75

−0.34
0.81
0.71

−0.56
0.98
0.53

−0.10
0.75
0.78

RH2
(%)

NMB (%)
NME (%)
CC

−1.98
19.35
0.68

−1.38
23.07
0.59

−12.59
21.22
0.64

−9.23
22.63
0.68

−3.62
18.05
0.74

WS10
(m/sec)

NMB (%)
NME (%)
CC

17.90
61.70
0.57

46.42
69.36
0.65

67.44
69.08
0.63

40.59
60.63
0.63

59.27
70.41
0.78

NMB: the normalized mean bias; NME: normalized mean gross error; CC: correlation coefficient; T2; temperature at 2 m; RH2: relative humidity
at 2 m; WS10: wind speed at 10 m.

interaction as:
V = base1 − base2

(1)

V ∗ = scenario1 − scenario2

(2)

IV = (base1 − base2 ) − (scenario1 − scenario2 )

(3)

PV = IV /(base1 − scenario1 )

(4)

where V represents the effects of aerosol-radiation interaction with reduced anthropogenic emission controls; V ∗
represents the aerosol-radiation interaction effects without
emissions control; IV represents impact of emission reduction on aerosol-radiation interaction; PV represents the
enhance of emission reduction effects by aerosol-radiation
interaction; V represents PM2.5 concentration, NO2 (nitrogen
dioxide) concentration, O3 (ozone) concentration or meteorological variables, such as the surface downward shortwave
radiation (SWDOWN), 2-m temperature (T2), 2-m relative
humility (RH2), and planetary boundary layer height (PBLH).

2.

Results and discussion

2.1.

Model performance

According to the US EPA model evaluation protocol (US EPA,
2007), the normalized mean bias (NMB), normalized mean
gross error (NME) and correlation coefficient (CC) were used
for the statistical analysis. The NMB calculation is shown as
Eq. (5), the NME calculation is shown as Eq. (6), and the CC
calculation is shown as Eq. (7).
NMB =

N


(Sim − Obs )/

1

NME =

N


N



|Sim − Obs|

N


1

CC =

N


Obs × 100%

(5)

1

Obs × 100%

(6)

1

((Sim−Sim )

1


 N
N

2
2
×(Obs−Obs )) 
(Sim−Sim )
(Obs−Obs )
1

(7)

1

where Sim is value of the simulation, Obs is value of the
observation, Sim is average of simulation results, Obs is
average of observation results, and N is the total number for
which the simulations are compared against observations.

The unit of CC is same as the unit of the variable calculated,
and those of NMB and NME are %.
The hourly air pollutant concentrations were collected
by the China National Environmental Monitoring centre
(CNEMC). The meteorological data were obtained from the
Meteorological Information Comprehensive Analysis and
Process System (MICAPS) of the China Meteorological Administration. The evaluation of the base case simulation for
surface PM2.5 concentrations, NO2 concentrations, O3 concentrations, and 2-m temperature (T2), 10-m wind speed (WS10),
2-m relative humidity (RH2) was carried out by comparing the
simulated output results with observations provided.

2.1.1.

Evaluation of the meteorological variables

Table 2 summarizes the statistics of major meteorological
variables for the base scenario simulation and observation for
the BTH region in Beijing, Tianjn, Baoding, Shijiazhuang and
Tangshan. Fig. 2 presents the hourly simulated and observed
results of T2 (K), RH2 (%), WS10 (m/sec) at typical cities of BTH
region. WRF-Chem simulation results adequately captured
the variations of T2 at all sites, with correlation coefficients
between 0.53–0.78. The NMB and NME indicated good model
performance for T2. The NMB values of T2 were -1%, 1%, 0.34%,
-0.56 and -0.1% in Beijing, Tianjn, Baoding, Shijiazhuang and
Tangshan, respectively. During this period nearly all sites
showed cold biases except for those in Tianjin. The NME
values of T2 were between 0.58% and 1%. As shown in Table 2,
Beijing, Tianjin and Tangshan showed the smallest NMB and
NME values for the RH simulation. Baoding and Shijiazhuang
presented the relatively large biases for the RH simulation,
and they were located in the heavily polluted areas. The RH2
simulation results had correlation coefficients between 0.59
and 0.74. An over-prediction occurred in the hourly WS10 at
all the sites, with average bias values between 17.90 and 67.44
in five typical cities. Fig. 3 shows the hourly simulated and
observed results of wind direction. WRF-Chem simulation
results adequately captured and reflected the variations of
wind direction. The bias of WS10 and Wind direction was
caused by the analysis nudging (FDDA) was not applied to
the meteorological factors, which suppressed the aerosolradiation interaction of aerosols on meteorological factors.
The simulation results adequately captured the variations in
WS10, and all correlation coefficients were greater than 0.5.

2.1.2.

Evaluation of air pollutants variables

Table 3 also summarizes the statistics for PM2.5 , PM10 (particulate matter less than 10 μm), NO2 and O3 concentration
in Beijing, Tianjin, Baoding, Shijiazhuang and Tangshan.
Fig. 4 presents the daily simulated and observed results of air
pollutants variables in the five typical cities of the BTH region.
In Beijing, Tianjin, Baoding, Shijiazhuang and Tangshan,
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Fig. 2 – Comparison of T2, RH2 and WS10 between the simulated and observed results.

Fig. 3 – Comparison of wind direction between simulated and observed results.
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Table 3 – Statistical results of simulated and monitored air pollutant data.
Beijing

Tianjin

Baoding

Shijiazhuang

Tangshan

PM2.5
(μg/m3 )

NMB (%)
NME (%)
CC

−41.37
43.76
0.67

24.66
41.66
0.58

28.35
32.83
0.80

30.95
35.65
0.74

−34.79
36.82
0.80

PM10
(μg/m3 )

NMB (%)
NME (%)
CC

−33.89
50.04
0.58

−31.88
37.83
0.78

−24.80
42.55
0.61

−40.42
42.02
0.79

−39.88
41.03
0.80

NO2
(μg/m3 )

NMB (%)
NME (%)
CC

7.72
23.47
0.7

12.98
29.32
0.57

15.71
24.45
0.81

1.33
32.70
0.77

11.00
22.66
0.76

O3
(μg/m3 )

NMB (%)
NME (%)
CC

−10.86
33.23
0.79

3.5
51.35
0.71

5.70
48.09
0.77

5.10
43.24
0.92

12.71
48.01
0.66

Fig. 4 – Comparison of air quality concentrations between simulated and observed results.

the NMB values for the comparison results of PM2.5 were
-41.37%, 24.66%, 28.35%, 30.95%, and -34.79%, respectively;
the NMB values for the comparison results of PM10 were
-33.89%, -31.88%, -24.80%, -40.42%, and -39.88%, respectively;
the NMB values for NO2 were 7.72%, 12.98%, 15.71%, 1.33%,
and 11.00%, respectively; and the NMB values for O3 were
-10.86%, 3.50%, 5.70%, 5.10%, and 12.71%, respectively. The
NME values from the simulation were generally between
22.66% and 51.35%. The bias might be from the following: the
emission inventories could be highly uncertain at individual
sites, which would affect the accuracy of simulation results;
additionally, the uncertainties associated with the meteorology simulation could affect the results. The relatively large
biases of PM2.5 concentration during heavily polluted days
were relevant with the underestimated RH2, which was not
favorable for PM2.5 particles accumulation. At the same time,
inherent characteristics of the model can produce a large bias
during heavily polluted days (Wang et al., 2013). Overall, in
this work, WRF-Chem predicts variables reasonably well. The
correlation coefficients of the air pollutant concentrations
between the simulated and observed were between 0.57
and 0.92. The model simulation results shown as Fig. 4 can
clearly represent the air pollution process. All parameters
followed the guidelines of the US Environmental Protection
Agency (2007).

2.2.
Impact of emission reduction on aerosol-radiation
interaction
2.2.1.

Impacts on meteorological variables

Fig. 5 shows the spatial distributions of mean air quality
concentration (PM2.5 , PM10 , NO2 , O3 ) in the BTH region over
the simulation period. Fig. 6 shows the mean distributions
of the meteorological variables (SWDOWN, T2, RH2, PBLH) in
the entire simulation period over the region. Heavy pollutions
formed in the southern part and spread towards the northern
parts of the region. The air pollution accumulated in front of
Yanshan and Taihang Mountains in the west and north of the
BTH region. Shiijazhuang, Baoding, Beijing and most other
BTH region had heavy air pollution.
Four model sensitivity results were compared to examine
the aerosol-radiation interaction effects on meteorological
variables, whose spatial distributions are also shown in Fig. 7.
The monthly mean aerosol-radiation interaction effects in
five typical cities over BTH region are provided in Table 4.
The aerosol-radiation interaction decreased the downward
surface shortwave radiation (SWDOWN ) by 0–28 W/m2 over the
simulation domain, particularly in areas with severe PM2.5
pollution. The spatial mean contributions of the aerosolradiation interaction with emission reduction to downward
shortwave radiation (SWDOWN ) averaged over the simulation
period were about 14.83, 14.48, 18.53, 16.19 and 12.26 W/m2
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Fig. 5 – Spatial distributions of mean air quality concentration from the base1 simulation.

decreases in Beijing, Tianjin, Baoding, Shijiazhuang and
Tangshan, respectively. T2 was reduced by up to 0.3–1.5°C
(T2 ) in the southern BTH region. This cooling effect occurred
over most parts of the domain. This result is because aerosol
reduce incoming solar radiation via scattering and absorption, therefore decreasing surface/near surface temperatures.
The monthly average RH2 exhibited an obvious increase in
the middle and southern parts of the BTH region. The mean
spatial contributions of the aerosol-radiation interaction to
the RH2 (RH2 ) over the simulation period were approximately
1.93%, 3.61%, 3.67%, 2.81%, and 2.22% in Beijing, Tianjin, Baoding, Shijiazhuang, and Tangshan, respectively. The aerosolradiation interaction reduced the PBLH (PBLH ) in most area
of the BTH region by 5–30 m. The mean spatial contribution of
the aerosol-radiation interaction to the PBLH (PBLH ) over the
simulation period was between 6.56% and 10.3% decrease in
five typical cities in the BTH region. In the eastern continental
United States, aerosol direct feedback decreased the downward shortwave radiation by 11.3 W/m2 , the T2 by 0.16 K, and
the PBLH by 22.4 m in winter (Zhang et al., 2010). In east China
the monthly-mean SWDOWN, T2 and PBLH can be decreased
by -12.37 W/m2 , -0.24°C and -31.59 m by aerosol-radiation interaction in October (Chen et al., 2015). The results in the BTH
region in this paper were similar to those previous studies.
Fig. 7 also shows the mean spatial distributions of
ISWDOWN , IT2 , IRH2 , and IPBLH , and the weakened aerosolradiation interaction effect caused by emission reductions is

evident. During the simulation period, the interaction effect
due to emission reductions increased the downward shortwave radiation (ISWDOWN ) by an average of 0–5 W/m2 (∼15%,
ISWDOWN /SWDOWN ) in the BTH region, leading to an increase
in the surface temperature (IT2 ) of 0–0.05°C (∼7%, IT2 /T2 ),
an increase in the daytime mean PBLH (IPBLH ) of 0–8 m
(∼28%, IPBLH /PBLH ), and a weaker decrease in the daytime
mean 2 m RH (IRH ) of 0.5% (∼5%, IRH /RH ). The impact
of aerosol-radiation interaction effects on surface aerosols
changed the meteorological variables, making the atmosphere more stable and favorable for pollution accumulation.
Emission reductions lead to weaker impacts of aerosolradiation interaction effects on meteorology. Larger impacts
caused by the weakened aerosol-radiation interaction effects
can be seen over regions with higher pollution.

2.2.2.

Impacts on air quality

Fig. 8 shows the mean spatial distributions of aerosolradiation interaction effects on the air quality concentrations
(PM2.5 , PM10 , NO2 , O3 ) in the BTH region during the simulation
period. The effect on the PM2.5 and PM10 concentrations
showed negative correlations with the SWDOWN, T2 and
PBLH. These results indicated the remarkable decrease in
the downward shortwave radiation at the surface caused by
the aerosol-radiation interaction reduced the ground surface
temperature and caused more stable lower atmosphere (i.e.,

journal of environmental sciences 95 (2020) 2–13
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Fig. 6 – Mean distributions of meteorological variables from the base1 simulation. SWDOWN: downward shortwave
radiation; PBLH: planetary boundary layer height.

the increased in RH2 and reduction in PBL height). As a result,
the stable meteorological conditions suppressed dispersion of
air pollutants and increased the ground PM2.5 and PM10 concentrations. The aerosol-radiation interaction led to a strong
increase in PM2.5 concentration in the middle and southern
parts of Hebei Province, where the aerosol anthropogenic
emissions are strong. The contributions of aerosol-radiation
interaction with emission control increased the PM2.5 concentration (PM2.5 ) by 1.75, 2.00, 2.10, 1.90, and 3.63 μg/m3 in
Beijing, Tianjin, Baoding, Shijiazhuang, and Tangshan, respectively, as shown in Table 5. The aerosol-radiation interaction
effect increased the PM10 concentration (PM10 ) by 2.20, 2.46,
2.71, 1.56, and 4.35 μg/m3 in Beijing, Tianjin, Baoding, Shijiazhuang, and Tangshan, respectively. The aerosol-radiation
interaction increased the NO2 concentration in most BTH
regions except the northeast region. In most areas of the
region, NO2 increased by 0–4.5 μg/m3 . The highest values can
be seen in the heavily polluted areas. The concentration of O3
at surface decreased by 0–1.55 μg/m3 in most areas of the five
typical cities. Many studies indicated that high temperature,
low relative humidity and high shortwave radiation are related to high concentrations of O3 at surface (Nair et al., 2002;
Duenas et al., 2002). During the simulation period, the T2
and SWDOWN decreased, and the RH2 increased due to the

aerosol-radiation interaction. These changes in meteorological conditions decreased the regional mean O3 concentration.
Table 5 also shows that the IV /PV was defined for
quantifying the effectiveness of emission control measures
in the model simulation with considered aerosol-radiation
interaction. The emergency control measures implemented
in the BTH region were effective in reducing air pollution. The
PM2.5 concentration decreased by 20–40 μg/m3 in most BTH
regions, with decreases of 23.14%, 25.33%, 31.55%, 25.40%,
and 22.87% in Beijing, Tianjin, Baoding, Shijiazhuang and
Tangshan, respectively. PM10 had a similar trend to PM2.5 ,
with decreases of 28.10%-38.99% in the five typical cities. The
results conformed to the pollutant emission reduction ratios
in the BTH region during the red alert period in December
2015 (Jia et al., 2017). The NO2 concentrations decreased by
9.57–17.86 μg/m3 in the region. However, the O3 concentration
increased. This phenomenon of increasing O3 concentrations
during emission reduced period was also found in previous
studies (Wen et al., 2016). This reason of the result might be
as follows: the complex effects of O3 reaction; the reducing
ratio between NOx and VOCs (Volatile organic compounds)
was not considered in the emission control measures; the
decreased of T2 and SWDOWN caused by aerosol-radiation
feedbacks were unfavorable for high O3 concentration.
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Fig. 7 – Simulated results of aerosol-radiation interaction on regional meteorological factors. BASE1-BASE2: the effects of
aerosol-radiation interaction with reduced anthropogenic emission controls; SEN1-SEN2: the aerosol-radiation interaction
effects without emissions control; (BASE1-BASE2)-(SEN1-SEN2): impact of emission reduction on aerosol-radiation
interaction.

Fig. 8 also shows how the air pollution concentrations over
the BTH region would change if emission reductions were
applied with or without aerosol-radiation interaction considered. The air pollution concentrations (IPM2.5 , IPM10 , INO2 ,
and IO3 ) were enhanced by 0.16–1.74, 0.26–2.04, 0.18–1.65,
and 0.03–0.19 μg/m3 in Beijing, Tianjin, Baoding, Shijiazhuang,
and Tangshan, respectively. We can see that if there were

aerosol-radiation interactions, the impacts of emission reductions were distinctly enhanced. It also proved that under
the heavy pollution conditions, the aerosol-radiation interaction effects were more obvious. The PPM2.5 , PPM10 , PNO2
for the BTH region during the simulation period reaches
7.62%, 6.90%, and 11.62%, respectively, indicating a significant
percentage of underestimated air pollution concentration
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Fig. 8 – Simulated results of aerosol-radiation interaction on regional air quality.

reduction due to emission control measures in a model
simulation without aerosol-radiation interaction considered.
The results were similar to those in Zhou et al. (2019), which
found surface PM2.5 concentration decrease in Beijing due
to emission reductions can be 6.7%–21.9% larger than that

estimated without aerosol-radiation interaction. The relationship between the aerosol-radiation interaction effects
and air quality concentrations can have an important implication for assessing the effectiveness of emission control
measures.
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Table 4 – Impacts on meteorological variables in typical
cities over simulation period.
V

V ∗

IV

IV /V

Beijing
T2 (K)
PBLH (m)
SWDOWN (W/m2 )
RH2 (%)

−0.69
−19.47
−14.83
1.93

−0.74
−20.93
−16.72
2.02

0.04
1.46
1.89
−0.09

−6%
−8%
−13%
−5%

Tianjin
T2 (K)
PBLH (m)
SWDOWN (W/m2 )
RH2 (%)

−0.63
−22.32
−14.48
3.61

−0.67
−22.97
−16.33
3.73

0.04
0.65
1.85
−0.12

Baoding
T2 (K)
PBLH (m)
SWDOWN (W/m2 )
RH2 (%)

−0.72
−28.23
−18.53
3.67

−0.77
−29.59
−20.88
3.87

Shijiazhuang
T2 (K)
PBLH (m)
SWDOWN (W/m2 )
RH2 (%)

−0.55
−23.78
−16.19
2.81

Tangshan
T2 (K)
PBLH (m)
SWDOWN (W/m2 )
RH2 (%)

−0.44
−19.11
−12.26
2.22

V

V ∗

IV

PV

Beijing
PM2.5 (μg/m3 )
PM10 (μg/m3 )
NO2 (μg/m3 )
O3 (μg/m3 )

1.75
2.20
1.43
−0.83

2.20
2.93
2.23
−0.64

−0.45
−0.73
−0.80
−0.19

1.96%
2.59%
4.49%
−1.45%

−7%
−3%
−13%
−3%

Tianjin
PM2.5 (μg/m3 )
PM10 (μg/m3 )
NO2 (μg/m3 )
O3 (μg/m3 )

2.00
2.46
1.43
−1.55

3.51
4.33
1.61
−1.52

−1.51
−1.87
−0.18
−0.03

5.97%
5.64%
1.83%
−0.39%

0.05
1.36
2.36
−0.20

−6%
−5%
−13%
−5%

Baoding
PM2.5 (μg/m3 )
PM10 (μg/m3 )
NO2 (μg/m3 )
O3 (μg/m3 )

2.10
2.71
2.76
−1.44

3.10
4.31
4.41
−1.36

−1.00
−1.60
−1.65
−0.08

3.17%
4.09%
10.72%
−2.07%

−0.56
−29.92
−18.37
2.88

0.01
6.14
2.18
−0.07

−2%
−26%
−13%
−2%

Shijiazhuang
PM2.5 (μg/m3 )
PM10 (μg/m3 )
NO2 (μg/m3 )
O3 (μg/m3 )

1.90
1.56
0.01
−0.27

2.06
1.83
0.53
−0.16

−0.16
−0.26
−0.53
−0.11

0.64%
0.79%
4.20%
−6.23%

−0.45
−19.27
−13.73
2.29

0.01
0.16
1.47
−0.07

−2%
−1%
−12%
−3%

Tangshan
PM2.5 (μg/m3 )
PM10 (μg/m3 )
NO2 (μg/m3 )
O3 (μg/m3 )

3.63
4.35
3.22
−1.14

5.37
6.39
4.33
−1.10

−1.74
−2.04
−1.11
−0.04

7.62%
6.90%
11.62%
−0.46%

V : the effects of aerosol-radiation interaction with reduced anthropogenic emission controls; V ∗ : the aerosol-radiation interaction effects without emissions control; IV : impact of emission reduction on aerosol-radiation interaction.

3.

Table 5 – Impacts on air quality in typical cities over simulation period.

Conclusions

In this study, WRF-Chem model was applied to evaluate the
impact of emission reduction on aerosol-radiation interaction
during heavy pollution periods over the Beijing-Tianjin-Hebei
region in China. Four tests were conducted, including the
simulation with/without emission reduction and aerosolradiation interaction turned on/off. The simulation results
of air pollutant concentrations and meteorological variables were verified. An acceptable agreement between the
simulated and observed concentrations was achieved.
In summary, we investigated the impact of aerosolradiation interaction effects on changes in meteorological
variables, which made the atmosphere more stable and
favorable for pollution accumulation. If there were aerosolradiation interactions in the simulation, the downward
shortwave radiation at the surface decreased, leading to
decrease in temperature. As a result, it suppressed the development of PBLH and increased the relative humidity.
Emission reductions caused impacts of aerosol-radiation
interaction effects on meteorology variables. During the
simulation period, the interaction effect due to emission
reductions increased the downward shortwave radiation by
an average of 0–5 W/m2 , leading to an increase in surface
temperature of 0–0.05°C, increase in the daytime mean PBLH
of 0–8 m, and decrease in the daytime mean RH2 of 0.5%.
The effectiveness of emission control measures in model
simulation with and without consideration of aerosolradiation interaction was estimated. With aerosol-radiation
interactions, PM2.5 concentration decreased by 20–40 μg/m3 in

most BTH regions. The PM10 decreased by 28.10%-38.99%. We
also found that if there were aerosol-radiation interactions,
the impacts of emission reductions were distinctly enhanced.
The enhancement of PM2.5 , PM10 , and NO2 emission reduction
effects reaches 7.62%, 6.90%, and 11.62%, respectively, over
the region.
The relationships between aerosol-radiation interaction
effects and air quality concentrations can have an important
implication for assessing the effectiveness of emission control
measures. However, the uncertainties that might affect the
simulated model results in this study were as follows: aerosols
could further affect cloud and precipitation conditions, and
the influences of aerosol cloud effect were not considered
in the model. Future work is needed to better represent the
model aerosol-radiation interaction associated with aerosol
cloud effect, and assess their impacts on emission reductions.
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