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Abstract

A major tool for curtailing the spread of COVID-19 pandemic in China was a nationwide lockdown, which led to significant
reductions in anthropogenic emissions and fine particulate matter (PM2.5). However, the lockdown measures did not prevent
high PM2.5 pollution episodes (EPs). Three severe EPs were identified in the Beijing-Tianjin-Hebei (BTH) region during the
lockdown. The integrated process rate (IPR) analysis tool in the Community Multiscale Air Quality (CMAQ) model was
employed to quantify the contributions of individual atmospheric processes to PM2.5 formation during the lockdown in the
BTH region. The IPR results showed that emissions and aerosol processes were the dominant sources of net surface PM2.5 in
Beijing and Tianjin, constituting a total of 86.2% and 92.9%, respectively, while emissions, horizontal transport, and aerosol
processes dominated the net surface PM2.5 in Shijiazhuang and Baoding. In addition, the EPs in Beijing and Tianjin were
primarily driven by local emissions, while the EPs in Shijiazhuang and Baoding were attributed to combined local emissions
and regional transport. The reductions in PM2.5 in Case 2 relative to Case 1 were attributed to the weaker PM2.5 formation
from emissions and aerosol processes. However, the EPs were enhanced by low planetary boundary layer heights, low vertical
export of PM2.5 from the boundary layer to the free troposphere, and substantial horizontal import, especially in Shijiazhuang
and Baoding. This study improves the understanding of buildup of PM2.5 during the EPs, and the results provide insights for

designing more effective emissions control strategies to mitigate future PM2.5 episodes.
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Key Points:

e Three severe PM2 s pollution episodes were identified in the Beijing-Tianjin-Hebeli
region during the COVID-19 lockdown.

e The PMa2s episodes were dominated by emissions and aerosol processes, and
enhanced by unfavorable meteorological conditions.

e Designing more effective emissions control strategies with both chemistry and
meteorology in thought could mitigate future PM. s episodes.
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Abstract

A major tool for curtailing the spread of COVID-19 pandemic in China was a
nationwide lockdown, which led to significant reductions in anthropogenic emissions and
fine particulate matter (PM25). However, the lockdown measures did not prevent high
PM2 s pollution episodes (EPs). Three severe EPs were identified in the Beijing-Tianjin-
Hebei (BTH) region during the lockdown. The integrated process rate (IPR) analysis tool
in the Community Multiscale Air Quality (CMAQ) model was employed to quantify the
contributions of individual atmospheric processes to PM2 s formation during the lockdown
in the BTH region. The IPR results showed that emissions and aerosol processes were the
dominant sources of net surface PM. in Beijing and Tianjin, constituting a total of 86.2%
and 92.9%, respectively, while emissions, horizontal transport, and aerosol processes
dominated the net surface PM.s in Shijiazhuang and Baoding. In addition, the EPs in
Beijing and Tianjin were primarily driven by local emissions, while the EPs in
Shijiazhuang and Baoding were attributed to combined local emissions and regional
transport. The reductions in PM2s in Case 2 relative to Case 1 were attributed to the weaker
PM2 s formation from emissions and aerosol processes. However, the EPs were enhanced
by low planetary boundary layer heights, low vertical export of PM2s from the boundary
layer to the free troposphere, and substantial horizontal import, especially in Shijiazhuang
and Baoding. This study improves the understanding of buildup of PM2s during the EPs,
and the results provide insights for designing more effective emissions control strategies

to mitigate future PM2 s episodes.

Keywords: Fine particulate matter; Pollution episodes; Process analysis; WRF-CMAQ);
COVID-19 shutdown.
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1. Introduction

For more than two decades, China has been suffering from severe haze pollution,
attributed to its population growth, urbanization, fast industrialization, as well as economic
advancement (Li etal., 2020; Shietal., 2017; Zhao et al., 2021). The development of severe
haze is caused by a combination of anthropogenic emissions (local and regional)
(Sulaymon et al., 2020, 2021a) and adverse meteorological conditions (Chen et al., 2021;
Huaetal., 2021; Hu etal., 2016; Shen, et al., 2021; Shi et al., 2020; Sulaymon et al., 2021a,
2021b). Severe air pollution causes reductions in visibility (Jiang et al., 2021; Li et al.,
2019; Wang et al., 2018), changes in climate and ecosystem services (Jiang et al., 2021;
Zhao et al., 2021), and adverse human health effects (Chen et al., 2017; Croft et al., 2019;
Hopke et al., 2019; Shang et al., 2018; Shen et al., 2020; Yan et al., 2018). The global
disease burden (GDB) has attributed about 2 million premature deaths per annum to severe
air pollution exposure in China (Yin et al., 2020).

The issuance of the new ambient air quality standards (GB3095-2012) in 2012 and
the subsequent implementation of the Air Pollution Prevention and Control Action Plan
(APPCAP) in September 2013 by the Chinese authorities has led to reduction in the
concentrations of fine particulate matter with aerodynamic diameters of <2.5 (PM2s) in
Chinese cities (Fan et al., 2020; Sulaymon et al., 2021d; Wang et al., 2016). For instance,
Xue et al. (2019) noted about 32.5% reduction in the national population-weighed PM: s
annual mean between 2013 and 2017. However, high PM2s concentrations are still
observed in most cities, with annual averages violating the annual Grade | (15 pg/m?®) and
Grade 11 (35 pg/m®) Chinese Ambient Air Quality Standards (CAAQS), and much higher

than the WHO (5 pg/m®) recommended limit or the USEPA (12 pg/m?®) standard.
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The Beijing-Tianjin-Hebei (BTH) region that includes Beijing and Tianjin, and
Hebei Province, is one of the most economically developed regions in China. The region
has been suffering from severe PM2s pollution over the past two decades (Chang et al.,
2018; Dai et al., 2021a), particularly during the winter season. During past international
events (e.g. 2008 Olympic Games, 2014 Asia-Pacific Economic Cooperation, and the 2015
Military Parade), Chinese authorities implemented major emissions reductions measures
in the BTH region to improve air quality. The effectiveness and success of the emissions
reduction policies have been assessed (Wang et al., 2016; Xu etal., 2017; Yang et al., 2016).

In December 2019, an outbreak of coronavirus disease (COVID-19) occurred in
Wuhan (Zhu et al., 2020) and spread across China and many other countries within a short
time. As one of the measures to curtail the spread of COVID-19 pandemic in China, a
nationwide lockdown was implemented by the Chinese authorities, leading to significant
reductions in anthropogenic emissions and PM2.s concentrations across China (Sulaymon
etal., 2021a, 2021c; Wang et al., 2020; Zhao et al., 2020; Zhao et al., 2021). However, the
BTH region still experienced high PM2zs pollution episodes during the lockdown
(Sulaymon, et al., 2021a; Zhang et al., 2021). Compared to the past international events
held in Beijing during the summer and autumn seasons (with no or few pollution episodes),
the COVID-19 pandemic occurred in winter, a period with frequent severe pollution events
especially in the BTH region. In addition, the COVID-19 lockdown had a longer period
with very strict measures than the duration of the past three events.

Previous studies have assessed the impacts of COVID-19 lockdown on air quality
as well as the relationships between air quality and meteorological conditions during

lockdown in BTH region (Cui et al., 2020; Dai et al., 2020; 2021b; Sulaymon et al., 20214;



105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

Zhang et al., 2021; Zhao et al., 2021), other regions in China (Gao et al., 2021; Liu et al.,
2020; Shen et al., 2021a, 2021b; Sulaymon, et al., 2021c; Wang et al., 2020; Wu et al.,
2021; Xing et al., 2020), and outside mainland China (Bashir et al., 2020; Chauhan and
Singh, 2020, 2021; Mishra et al., 2021; Muhammad et al., 2020; Orak and Ozdemir, 2021;
Querol et al., 2021; Sharma et al., 2020; Singh and Chauhan, 2020; Srivastava, 2021; Ye
etal., 2022). A few studies have also been performed on the regional source apportionment
of PM2s during the lockdown (Li et al., 2020; Ma et al., 2021). Li et al. (2020) reported
that industry (32.2-61.1%) and residential (2.1-28.5%) were the two highest sources
contributing to PM2s in the Yangtze River Delta (YRD) region, while about 14.0-28.6%
contribution was due to long-range transport from northern China. In the BTH region, a
few studies have also investigated the source apportionment of PM2 s during lockdown (Cui
et al., 2020; Dai et al., 2020). For example, Dai et al. (2020) used Positive Matrix
Factorization (PMF) to investigate the sources of PM2s in Tianjin. Their results showed
that secondary inorganic aerosols (SIA) (50.5%), fireworks and residential burning
(32.0%), and primary coal combustion emissions (13.3%) were the three dominant sources
contributing to PM2s during the lockdown. Overall, previous studies have reported
persistent haze episodes in the BTH region during lockdown despite the emission
reductions, and have generally attributed them to unfavorable meteorological conditions
(Cui et al., 2020; Dai et al., 2020; 2021b; Sulaymon et al., 2021a; Zhang et al., 2021; Zhao
et al., 2021). However, the formation of air pollutants involves various physical processes
(such as emissions, condensation, advection, diffusion, deposition, etc.) as well as

oxidative chemical process (Huang et al., 2005; Wang et al., 2014; Ye et al., 2022).
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The process analysis (PA) tool in the Community Multiscale Air Quality (CMAQ)
chemical transport model can provide quantitative analysis of the individual contributions
of various physical and chemical processes to the observed air pollution (Liu et al., 2010;
Liu and Zhang, 2011; Xing et al., 2011; Ye et al., 2022). Liu and Zhang (2011) employed
the PA tool to analyze a regional PM2s pollution episode in the U.S. They found that
emissions and aerosol processes such as homogeneous nucleation, heterogeneous
nucleation, and condensation were the dominant contributors to increased PMas
concentrations, while horizontal and vertical transport and dry deposition were the primary
loss mechanisms. Liu et al. (2010) utilized the PA to explore the contributions of various
atmospheric processes on ozone and PMz1o concentrations in China during four seasons.
The results showed that emissions and aerosol processes were the main contributors to
PM1o concentrations, while horizontal transport was the major removal pathway. Xing et
al. (2011) used CMAQ-PA tool to quantify the air quality benefits from emissions
reductions and meteorological variations during the 2008 Beijing Olympics. The results
indicated that aerosol and emission processes acted as the major PM2s pathways, while
vertical transport was the major PM3 s sink at the surface.

Therefore, analyzing the air quality during the unique lockdown period to provide
additional understanding of the underlying causes of high pollution episodes even during
periods of substantially reduced anthropogenic activity is important for providing
approaches to future air quality management strategies. The present study is the first that
elucidated the contributions of various atmospheric processes to PM2 s pollution episodes
during the lockdown in the BTH region. The results provide new insights into PM2s

formation of the three pollution episodes during lockdown. Thus, it provides a valuable
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example of how to use opportunities like the lockdown period to better understand the
causal factors of episodes in other areas of the world, which can then be applied to develop
more effective control strategies that would reduce the magnitude of these episodes and
better protect public health.
2. Methodology
2.1.  Model set-up and configurations

The Community Multiscale Air Quality model version 5.2 (CMAQV5.2) was
applied to simulate the air quality in the BTH region during the COVID-19 lockdown
period (January 24-February 29, 2020). The photochemical mechanism and the aerosol
module used in configuring the model were the State-wide Air Pollution Research Center
version 07 (SAPRCO7tic) and AEROGI, respectively (Liu et al., 2020; Sulaymon et al.,
2021a, 2021b). Two nested domains with horizontal resolutions of 36 and 12 km were used
(Fig. S1). The outer domain (36 km) covers China and the surrounding regions (137 x 107
grids), and the inner domain (12 km) covers the study area, the BTH region (127 x 202
grids). Each of the two domains had 18 vertical layers, emanating from the surface to a
height of about 20 km above the ground level. The initial and boundary conditions (IC/BC)
used in the 36 km domain were based on the default profiles provided by the CMAQ model,
while the IC/BC used for the 12 km domain were generated from the results of the 36 km
simulations. As a way of reducing the impact of initial conditions on PM2 s predictions, the
simulations began on January 19, and the results of the first 5 days (January 19-23, 2020)
were excluded from the model analysis, thus serving as a spin-up of the model. The
meteorological inputs were simulated by the Weather Research and Forecasting (WRF v4.0)

model with the FNL reanalysis data serving as the IC/BC. The detailed settings and
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configurations, including the major physics schemes used in this study are listed in Table
S1, while other settings could be found in previous studies where the WRF model was
applied (Hu et al., 2015, 2016; Wang et al., 2021).

In this study, the Multi-resolution Emission Inventory for China (MEIC) of year
2016 (http://mwww.meicmodel.org) served as the anthropogenic emissions from China. In
addition, the anthropogenic emissions from adjacent countries and regions were processed
based on the Regional Emission inventory in ASia version 2 (REAS2) (Kurokawa et al.,
2013). Biogenic emissions were estimated with the Model of Emissions of Gases and
Aerosols from Nature (MEGAN) version 2.1. Open burning emissions were generated
based on the data obtained from the Fire INventory from NCAR (FINN) (Wiedinmyer et
al., 2011). Sea salt and windblown emissions were generated inline (Sulaymon et al., 2021a,
2021b). Further details regarding the emission processing can be found in Hu et al. (2016)
and Qiao et al. (2015).

To evaluate the impacts of the emissions reductions on air quality, two scenarios
(referred to as Cases 1 and 2) were simulated as presented in Table S2. The first scenario
(Case 1) used the original MEIC16 emission inventory. In the second scenario (Case 2),
emissions from transportation, industry, and power sectors were reduced (Table S2) during
the lockdown period, while those of residential and agriculture were similar to Case 1. The
basis for adopting the emission reduction factors has been previously presented (Sulaymon
etal., 2021a; Wang et al., 2020), and has also been detailed in the Supplementary Material
(Text S1). The differences between the results of Cases 1 and 2 represent the impact of

emissions reductions on air quality during the lockdown.
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2.2.  Process analysis

The process analysis (PA) tool embedded in the CMAQ model has been described
as a versatile analytical tool for quantifying the contributions of individual atmospheric
processes and chemical reactions to a pollutant (Fu et al., 2020; Ye et al., 2022). PA is
comprised of two components; the integrated process rate (IPR) and integrated reaction
rate (IRR) analysis. The IPR involves the changes in the hourly concentrations of pollutants
due to individual atmospheric processes such as gas-phase chemistry, emissions, aerosol
processes, dry deposition, cloud processes, and vertical and horizontal transport at each
grid cell in the model domain. The IPR analysis has been extensively used in quantifying
the contributions individual atmospheric processes to air pollutants (Fan et al., 2015; Fu et
al., 2020; Li et al., 2012; Wang et al., 2010; Xing et al., 2011; Ye et al., 2022), hence,

detailed information about IPR can be found in these referenced studies.

In this study, the IPR module in CMAQV5.2 was employed to resolve both physical
and chemical processes involved in the formation of PM2.s during the lockdown period in
the BTH region. The IPR results were subsequently used to analyze the individual
processes involved in PM2s formation in the surface layer and full planetary boundary
layer (PBL), respectively. For this purpose, the processes considered were the chemistry
(gas-phase), emissions, aerosol processes (SOA formation, nucleation, condensation,
coagulation, heterogeneous chemistry, mode merging, and aerosol thermodynamics), cloud
processes, dry deposition, vertical transport (sum of vertical advection and diffusion), and
horizontal transport (sum of horizontal advection and diffusion). Based on their
contributions to PM25s concentrations, atmospheric processes can be grouped into two;

source process (concentration increases) and sink process (concentration decreases). Dry



219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

deposition and emission belong to the sink and source process, respectively. The IPR of
other processes can either be source (positive) or sink (negative). The contributions of
individual atmospheric processes to the formation of PM2s were estimated using the

approach of Ye et al. (2022):

YeIPRp ¢

SOURCEp = m X 100% (lPRp,t >0) (1)
_ %tIPRy;
SINKy = s5200 x 100%  (IPR:<0) @)

where p is the atmospheric process, and t is the time (in hour). SOURCE, and SINK, are
the proportions of the atmospheric process p in all source and sink processes, respectively.
Both source and sink categories are used to reveal how important an atmospheric process

is in influencing the changes in PM2 s concentrations.

3. Results and discussion
3.1.  WRF model performance

Meteorological parameters play an important role in the formation and
transportation of air pollution (Hu et al., 2016; Sulaymon et al., 2021a, 2021b; Wang et al.,
2021). In addition, the influences of meteorological parameters on the air quality
simulations using chemical transport model have also been established (Hu et al., 2016;
Sulaymon et al., 2021a; Wang et al., 2021). To evaluate the WRF model performance, the
predicted temperature (T2) and relative humidity (RH) at 2 m above ground level, and wind
speeds (WS) and wind directions (WD) at 10 m above surface were compared to the
observational data downloaded from the official website of the Chinese Meteorological

Agency (http://data.cma.cn/en, last access: January 2023). Table S3 shows the summary
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statistics including the mean observation (OBS), mean prediction (PRE), mean bias (MB),
mean error (ME), and the root mean square error (RMSE). In addition to the BTH region
as a whole, four representative cities including Beijing (BJ), Tianjin (TJ), Shijiazhuang
(SJZ), and Baoding (BD) were evaluated. Generally, T2 (Table S3) was slightly over-
predicted in the BTH and the four representative cities during the lockdown. The MB and
ME of T2 in BTH were 0.4 and 1.7, respectively, which fell below the suggested
benchmarks (MB<#0.5; and ME<2.0) (Emery et al., 2001). These are consistent with a
previous study over BTH region (Chang et al., 2019). Except in Tianjin (MB:0.5), the MB
values in other three cities (Beijing:2.2; Shijiazhuang:0.6; and Baoding:1.3) exceeded the
benchmark. Except in Beijing (ME:2.3), the ME values in all the cities were within the
benchmark range. Although there were no suggested benchmarks for the MB and ME
indices of RH, however, RH (Table S3) was underpredicted in BTH region and the four
representative cities (Ma et al., 2021). Similar results had been reported by previous studies
over BTH region (Chang et al., 2018; Li et al., 2021b; Sulaymon et al., 2021a; Zhao et al.,
2021) and China as a whole (Hu et al., 2016; Sulaymon et al., 2021b; Wang et al., 2021).
Bhati and Mohan (2018) obtained a similar result and attributed it to the influence of the
boundary layer parameterization on the weather prediction. The mean observed WS across
the cities and BTH ranged from 1.8 to 2.3 m/s, an illustration of relatively calm conditions
during the lockdown. Generally, WS (Table S3) was over-predicted (Ma et al., 2021).
However, based on the ME, MB, and RMSE indices, the predictions reasonably captured
the observations across the four cities and BTH (Li et al., 2021b; Sulaymon et al., 20213;
Zhao et al., 2021). The over-predictions of WS might be due to unresolved topography

within the WRF model (Li et al., 2014). The MB values met the suggested benchmark

11
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(<+0.5) in BTH and three cities except Shijiazhuang (0.7). During the lockdown, the ME
and RMSE values ranged between 0.6-0.9 and 0.7-1.2, respectively, with both indices
falling below the recommended benchmarks (<2.0). WD (Table S3) was generally under-
predicted except in Shijiazhuang where the PRE was slightly higher than the OBS. Overall,
the MB values were above the suggested criterion range (<+10) except in Baoding (MB: -
0.8), Shijiazhuang (MB:2.3), and BTH (MB: -9.6). Also, the ME values in the four cities
and BTH region greatly exceeded the benchmark (<+30), especially in Shijiazhuang
(ME:101.5), Beijing (ME:78.4), and BTH region (ME:70.5). Similar model performance
of WD had been reported (Hu et al., 2016; Sulaymon et al., 2021a, 2021b; Wang et al.,
2021). Generally, in this study, the WRF model exhibited better performance when
compared to previous studies in BTH region (Chang et al., 2019; Li et al., 2021b; Sulaymon
etal., 2021a; Zhang et al., 2021; Zhao et al., 2021) and China as a country (Ma et al., 2021;
Sulaymon et al., 2021b; Wang et al., 2021). Since the simulated meteorological parameters

were robust, they were used in driving the air quality simulations.

3.2. CMAQ model performance

In evaluating the performance of CMAQ model in predicting PM2s, statistical
indices, which include the mean observations (OBS), mean predictions (PRE), mean
fractional bias (MFB), mean fractional error (MFE), mean normalized bias (MNB), and
mean normalized error (MNE) were calculated. The performance of CMAQ model for
PM2s over the BTH and at four representative cities during the lockdown period based on
the two cases are shown in Table S4. Generally, the simulated PM2s concentrations

exhibited good agreement with the observed data with the model performance indices
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falling within the recommended benchmarks for PM2s (MFB <+0.60 and MFE < 0.75)
(Boylan and Russel, 2006) in BTH and the four cities for the two cases. For Case 1, PM2s
was over-estimated in BTH (0.10), Beijing (0.31), and Tianjin (0.41), while it was under-
predicted in Shijiazhuang (-0.05) and Baoding (-0.19). Considering Case 2, all of the MFB
values were negative except in Tianjin (0.32), an indication that CMAQ under-predicted
the total PM2s concentrations in BTH and the other three cities. Chang et al. (2019) had
reported an under-estimation of PM2s by CMAQ in Beijing and Shijiazhuang, which is
consistent with this study for Case 2. Also, the model performances for Case 2 are in line
with the findings of Sulaymon et al. (2021a) In addition, under-predictions of PM_ in all
of the prefectural-level cities of BTH region were reported by Jiang et al. (2021). The MFE
values for the two cases ranged between 0.40-0.51, which were within the recommended
benchmark (MFE< 0.75). Overall, the CMAQ model has shown better performance in this
study when compared to previous studies across the BTH region (Chang et al., 2019; Jiang
etal., 2021; Li et al., 2021b; Sulaymon et al., 2021a; Zhang et al., 2021; Zhao et al., 2021).
Thus, the model results were deemed acceptable for further analyses, including the IPR
analysis.

3.3.  IPR analysis of PM2s formation at the surface layer

The hourly concentrations of PM2s as well as the contributions of the individual
atmospheric processes to the evolution of PM: s at the surface layer in the BTH region and
four representative cities for the two cases during the lockdown period are illustrated in
Fig. 1. In the BTH region as a whole, the emissions (EMIS), horizontal transport (HTRA),
and aerosol processes (AERO) were the major positive contributors (sources) to the net

surface PMys.
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For Case 2, the contributions of EMIS, HTRA, and AERO to PM2 s formation were 42.4,
32.5, and 20.9% (Fig. 2b), respectively, while their contributions in the same order for Case
1 were 46.7, 29.4, and 20.3% (Fig. 2a), respectively. The reduction in the surface layer’s
PM2 s for the two cases was primarily attributed to the vertical transport (VTRA), while
slight removal was also due to dry deposition (DDEP). In Beijing and Tianjin, EMIS and
AERO were the predominant processes that contributed to the net surface PM2 s formation
(Fig. 1) for both cases. The total contribution ratios of EMIS and AERO in Case 2 were
86.2% and 92.9% for Beijing and Tianjin (Fig. 2b), respectively. The reduction of surface
PM2sin Beijing and Tianjin for the two cases was associated with the VTRA, HTRA, and
DDEP processes, with VTRA being the highest sink, with negative contributions of 79.0-
81.3% (Beijing) and 80.2-81.0% (Tianjin). The results of the present study are consistent
with those reported by Ye et al. (2022) in the coastal city of Kannur, India, where the EMIS,
HTRA, and AERO were the dominant processes that positively contributed to PM2s
evolution, while VTRA and DDEP were responsible for surface PM2s removal during the
three periods considered in the study. Also, Fan et al. (2015) reported EMIS and VTRA as
the two major processes that influenced PM2s at the surface layer in the Pearl River Delta
(PRD) region of China. Furthermore, Liu et al. (2010) and Xing et al. (2011) had earlier
reported EMIS and AERO as the major PM2 s sources in both surface layer and the PBL in
Beijing, while Xing et al. (2011) found VTRA as the major PM2 5 sink in the surface layer.
The PM2sremoval due to HTRA and DDEP in both cases were relatively the same in both
Beijing and Tianjin. Considering Shijiazhuang and Baoding, similar trends were obtained

regarding the contributions of individual processes to PM2 s formation.
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Fig. 2. Positive and negative contribution ratios of the individual processes to PM2s concentrations (a,b) at the surface layer and (c,d)
in the planetary boundary layer in Cases 1 and 2 during the lockdown period. EMIS, AERO, CLDS, VTRA, HTRA, DDEP, and CHEM
represent the contributions of the emissions, aerosol, clouds, vertical transport, horizontal transport, dry deposition, and gas-phase
chemistry, respectively to PM2 s formation.
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The EMIS, AERO, and HTRA processes dominated the positive contributions to
the net surface PM2s in the two cities (Fig. 1), accounting for a total of 94.0 and 96.5% in
Shijiazhuang and Baoding, respectively in Case 2 (Fig. 2b), while similar contributions
were obtained in Case 1 (Fig. 2a). In addition to EMIS and AERO processes, the horizontal
import of PM2s to the surface layer via HTRA contributed to the elevated PM2s
concentrations in both Shijiazhuang and Baoding relative to Beijing and Tianjin. VTRA
dominated the removal of PM2s from the surface layer to upper layers in both cities, with
higher rates in Case 1 relative to Case 2. DDEP process also had negative effects on PM2 s
formation in the two cities, with very low contributions, especially in Shijiazhuang. The
photochemistry (CHEM) process had positive net impacts on PM2 s evolution for the two
cases across the BTH region and the four representative cities, however, the contributions
were extremely low and negligible (Fan et al., 2015). This is contrary to what was reported
in Kannur (Ye et al., 2022), as CHEM had negative effects on PM_ s in the city. Due to the
negligible contributions of cloud (CLDS) processes to PMzs, it was not discussed in this
study. It should be noted that the PM..s concentrations in BTH region and the four cities in
Case 2 were relatively low compared to Case 1. This could be attributed to low PM25s
formation from EMIS in Case 2. However, there was no substantive decrease in PMzs
concentrations in Case 2 despite reductions in anthropogenic emissions. This could be
explained by the reduced PM2 s export from the surface layer to the upper layers due to low
VTRA rates in Case 2 (compared to Case 1), leading to the accumulation of PM2s in the

surface layer, which subsequently led to high PM2.s pollution during the lockdown period.
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3.4. PR analysis of PM2 s formation in the PBL

Fig. S2 shows the mean hourly change rates attributed to individual atmospheric
processes to PM2s production and the concentrations of PM2s in the PBL during the
lockdown. The contributions of the various processes to PMa2s formation within the PBL
in BTH and the four cities followed the similar trends as found in the surface layer.
However, the contributions of the individual processes to PM. s were smaller in the PBL
compared to the surface layer, as PM2s concentrations decrease as vertical layers increase
(Fan et al., 2015). Generally, the contributions of EMIS and VTRA to the net PM_ s (Case
2) were low in the PBL compared to the surface layer. For instance, relative to what was
obtained to the surface layer, the rates due to EMIS and VTRA in the PBL decreased by
half in BTH region and all of the representative cities. Similar to the surface layer, the
EMIS, HTRA, and AERO were the predominant contributors to the net PM2 s in the whole
BTH region and Baoding, while only EMIS and AERO processes contributed substantially
to the net PMs in Beijing and Tianjin. In Shijiazhuang, however, HTRA was the dominant
contributor to PM2 s formation. Compared to other processes, the contributions of CHEM
process were extremely low and negligible (Fan et al., 2015; Ye et al., 2022). In addition
to VTRA as the major process responsible for the removal of PM3 s across the study areas,
PM2s removal in Beijing and Tianjin was also associated with HTRA. In all of the study
areas, slight removal of PM2 s was also attributed to DDEP process. It could be noted that
the VTRA and HTRA effects within the PBL were opposite to those to the surface layer.
As illustrated in Fig. 2(d), the negative contributions (sinks) due to VTRA in the entire
PBL substantially reduced in all of the study areas except Shijiazhuang (increased) when

compared to the surface layer. Contrary to the surface layer, the sinks (PM2s removal) due
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to HTRA within the PBL increased in all of the study areas except Shijiazhuang
(decreased). It is worth noting that despite the decreases in EMIS rates by half (which might
have adversely influenced PM2 s formation within the PBL) in comparison to the surface
layer, the absolute difference in PM25s concentrations between the surface layer and PBL
was not significant, and ranged between 5.7-9.1 pg/m? across the study areas. This could
be attributed to reduced PM. s export due to low VTRA rates, leading to the accumulation
of PM2s within the PBL, and subsequently resulted to high PM2s concentrations. Overall,
in the PBL, EMIS and VTRA served as the two dominant processes that impacted PM2s
in BTH, Beijing, Tianjin, and Baoding, while VTRA and HTRA were the two major

processes that influenced PM2s formation in Shijiazhuang.
3.5.  Vertical profiles of the atmospheric processes contributing to PM2s

The mean hourly PM2 5 change rates attributed to individual atmospheric processes
for the first ten layers (layers 1-10), as well as the vertical profiles of PM2s evolution for
Case 2 during the lockdown period are illustrated in Fig. 3, while that of Case 1 are shown
in Fig. S3. As earlier stated in section 3.4, the characteristics of PM2s concentrations at
upper layers (layer 4 and above) were different from near-surface layers, hence, the
contributions of emissions sources at upper layers were negligible (Fan et al., 2015). Across
the study areas, the contributions from EMIS sources were only found within layers 1-3
(Fig. 3a-e) (Fan et al., 2015; Ye et al., 2022), and this was associated with the height of the
emissions sources (Fan et al., 2015; Ye et al., 2022). The highest and lowest contributions
of EMIS were found in Tianjin and Shijiazhuang, respectively, and the contribution
decreased as the vertical layer increased. Within the first three layers, AERO process was

another major source of PMzs in all of the study areas, and the formation rate of PM2s
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through the AERO process decreased as the vertical layer increased. Furthermore, VTRA
contributed negatively and served as the predominant sink for removing the near-surface
PM2s at the lower layers in Beijing (layers 1-3), Shijiazhuang (layers 1-4), Tianjin and
Baoding (layers 1-2), while it slightly contributed positively (acted as source) at the upper
layers. This is consistent with the results of Fan et al. (2015), in which VTRA was reported
as a sink in the near-surface layers and a source in the upper layers (layer 4 and above). In
Beijing (Fig. 3b) and Tianjin (Fig. 3c), HTRA served as another sink for PM_s across the
vertical layers, and the rate initially increased between layers 1 and 2, but continuously
decreased as the vertical layer increased. In Shijiazhuang (Fig. 3d), HTRA contributed
positively at the lower layers (layers 1-3) and negatively at the upper layers. Considering
Baoding (Fig. 3e), HTRA only acted as the source at the first layer, while it behaved as the
sink from the second layer upward. It could be deduced that there were vertical and
horizontal exports of PM. in Beijing and Tianjin at the surface layer, while Shijiazhuang,
Baoding, and the whole BTH region witnessed vertical export and horizontal import of
PM25s in the surface layer. DDEP acted as another sink of PM2s, and only existed at the
first layer across the study areas (Fan et al., 2015; Ye et al., 2022). DDEP contributions
were only found in the first layer because dry deposition was treated as a bivariate variable
by the CMAQ model, and integrated it over the whole atmospheric column (Fan et al.,
2015). As shown in Fig. 3(f-j), the highest PM2.s concentration was found in the surface
layer, and decreased with increases in vertical layer height (Fan et al., 2015). This result
could be attributed to the contributions of EMIS and AERO processes, as well as the

decreasing trends of the two processes as the vertical layer increased.
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3.6 IPR analysis of PM2 s pollution episodes during lockdown

During the lockdown period, the predicted PM2 s concentrations (in Case 2) (Fig.4;
Tables S5-S6) indicated that persistent PM2s pollution episodes could not be avoided in
the BTH region despite reductions in anthropogenic emissions (Sulaymon et al., 2021a).
Fig. S6 illustrates the spatial distributions of PM2s in the BTH region during the lockdown
for the two cases. Fig. S6(b) shows that the PM> s concentrations during the lockdown were
higher (PM25>75 ng/m?, level 11 of Chinese air quality standard) in Tianjin and southern
Hebei Province, while the northern Hebei was characterized with low concentrations
(PM25<50 pg/m®). In the prefectural-level cities of BTH region, three severe PMas
pollution episodes (EPs) (Fig. 4) occurred during the lockdown (Case 2). They are
represented as EP1 (January 24-31, 2020), EP2 (February 7-13), and EP3 (February 19-
21). It should be noted that EP1 and EP2 coincided with the 2020 Spring (January 25) and
Lantern (February 8) festivals, respectively. The statistics for all the EPs in each city are
enumerated in Tables S5-S6. For the purpose of process analysis of PM2 s during the EPs,
Beijing, Tianjin, Shijiazhuang, and Baoding were selected as the representative cities. As
illustrated in Fig. 5, Beijing and Tianjin had the highest PM2s concentrations during EP2,
while Shijiazhuang and Baoding recorded their highest PM2s concentrations during EP1.
Also, during EP2 and EP3, Baoding experienced severe pollution with elevated PM2s
concentrations. This indicates that the region suffered severe pollution episodes during the
lockdown. Dai et al. (2021) and Sulaymon et al. (2021a) had previously reported severe
haze episodes in the BTH region during the lockdown. Therefore, it becomes pertinent to

elucidate the major atmospheric processes responsible for the formation of the EPs.
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Fig. 4. Spatial distributions of predicted PM2s (Case 2) during (a) EP1, (b) EP2, and (c) EP3 in the BTH region. Units are pg/m?®.
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478  episodes in the four representative cities. Abbreviations used in this figure are the same as in Fig. 1.
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The contributions of different atmospheric processes to PM. s formation (in Case 2) during
the three EPs in the four representative cities were analyzed. Table S7 shows the average
planetary boundary layer height (PBLH) and wind speed for the four cities during the three
EPs. The PBLH during the third pollution episode (EP3; PBLH>400 m) was higher than
the PBLH during the first two pollution episodes (EP1 and EP2; PBLH<370 m) across the
study areas. A thinner boundary layer is more conducive for the accumulation of locally-
emitted particles, leading to increased PM2 s concentrations and results in haze events (Fan
et al., 2015). As illustrated in Fig. 5, the three pollution episodes in Beijing and Tianjin
were principally caused by local emissions (EMIS), while the pollution events in
Shijiazhuang and Baoding could be attributed to both local emissions (EMIS) and regional

transport (HTRA).

Fig. 5 shows that emissions sources and aerosols were the major positive
contributors to PM2 s pollution in Beijing, Tianjin, and Baoding, while horizontal transport
was the most significant positive contributor to pollution level in Shijiazhuang, followed
by emissions and aerosols. In Baoding, however, HTRA also contributed positively
towards PM.s concentrations throughout the three episodes. There were no significant
differences between emissions sources among the three episodes in all of the study areas,
and the average total emissions ranged between 13.3-42.6 pg/m3/h across the EPs in the
cities. During the three episodes across the four cities, PM2s was released into the
atmosphere through EMIS and AERO processes, and fell back to the surface layer via
DDEP process (Fan et al., 2015), with very low rates of dry deposition (ranged between -
2.1 ug/m®h and -4.3 pg/m®h). Also, PMs was transported and diffused through VTRA

and HTRA processes. In Beijing and Tianjin, there were negligible differences between
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the contributions from VTRA during the first two episodes, and the total rates were
approximately -51 pg/m%h and -60 pg/m®/h in Beijing and Tianjin, respectively. During
EP3 in the two cities, the contributions by VTRA (-40 pg/m®/h in Beijing; and -42 pg/m?/h
in Tianjin) were low relative to the first two episodes. The VTRA contributions in
Shijiazhuang (-75 pg/m®h) and Baoding (-65 pg/m®/h) during EP1 were greater than those
contributed in Beijing and Tianjin during the same period, and this was due to lower PBLH
values (Table S7) in Shijiazhuang and Baoding relative to Beijing and Tianjin. The
difference in the VTRA rates between the first two episodes and the third episode in Beijing
and Tianjin could be explained by the accumulation of particulates on near-surface layers
due to the nature of boundary layer (thinner) (Fan et al., 2015) being exhibited during the
first two pollution episodes. Therefore, VTRA had a greater clearing impact for PMas
during the first two episodes in the two cities. Contrarily, during the third episode in the
two cities, a more uniform vertical mixing of PM2s was achieved, and this was due to the
thicker PBLHs during EP3 (Table S7). Hence, the clearing effect of VTRA during EP3
was low compared to EP1 and EP2. In addition, due to higher wind speed during EP3
(Table S7), the negative contributions due to HTRA were higher in Beijing (-8 pug/m®/h)
and Tianjin (-13 pg/m®h) during EP3 compared to EP1 and EP2, and this subsequently
reduced the contributions from VTRA during EP3. In Shijiazhuang, VTRA also exhibited
a very greater clearing effect during EP1 than EP2 and EP3, and similar scenario also
occurred in Baoding. In Shijiazhuang, HTRA was the dominant positive contributor to
PM2 s throughout the episodes, with the highest contribution rate during EP1. In Baoding,
however, there was negligible difference between the contributions from HTRA to PM2s

pollution during the three episodes. Due to availability of several emissions sources in
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Beijing and Tianjin, which result to a large quantity of local emissions, PM2s
concentrations were generally higher in the two cities. Hence, the effects of both VTRA
and HTRA on pollution levels were negative during the three pollution episodes, and both
mainly provided dilution and clearing effects in the two cities (Fan et al., 2015). On the
other hand, in both Shijiazhuang and Baoding, horizontal transport contributed positively
and significantly increased PM2 s concentrations during the three episodes. It is also worthy
to mention that PM2s concentrations during the three episodes in the four cities were
greatly and positively influenced by the planetary boundary layer height, as the episode
with the lowest PBLH had the highest PM2s concentration in a city. The results of the
present study are consistent with those reported by Fan et al. (2015) during three pollution
episodes over the PRD region. Fan et al. (2015) had reported surface emissions, aerosol
processes, and horizontal transport as the major contributors to air pollution episodes over
the PRD. In the PBL (Fig. S7), EMIS and AERO were also the dominant contributors to
PM2s concentrations in Beijing and Tianjin, HTRA was the most important source in
Shijiazhuang, and EMIS, AERO, and HTRA actively contributed to PM3s formation in
Baoding during the EPs. VTRA was the major removal pathway. However, the

contribution and removal rates were low in the PBL relative to the surface layer.

To better understand the roles of the atmospheric processes towards the pollution
episodes, PM2s formation and removal within the PBL (layers 1-10) were analyzed in
Tianjin (Fig. 6), while those of other three cities are illustrated in Figs S8-S10. Considering
the three EPs in Tianjin, the positive contributions of EMIS and AERO processes to the
hourly PM2s significantly occurred within layers 1-3 (Fig. 6a-c), while they both

contributed less at upper layers. Also, there were vertical imports of PM_ s (although very
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low) at upper layers (layers 3-10 for EP1 and EP2; and layers 3-6 for EP3). Conversely,
VTRA (layers 1-2) and HTRA (layers 1-10) served as the predominant sinks and PM2s
removal pathways. DDEP process also acted as another sink for PM2 s during the EPs, and
only existed at the first layer (Fan et al., 2015). The contributions by CHEM process were
negligible across the vertical layers (Fan et al., 2015; Ye et al., 2022). As shown in Fig.
6(d-f), EP2 was characterized with the highest PM2s concentrations, followed by EP1 and
EP3. Furthermore, the PM2s formation processes in the surface layer during the EPs were
compared. Fig. 7 illustrates the percentage contributions of the atmospheric processes to
PM: s formation/removal during the EPs in the four cities. The total contributions of EMIS
and AERO (EMIS+AERO) during the EPs ranged between 80-89% and 88-97% in Beijing
(Fig. 7a) and Tianjin (Fig. 7b), respectively. In Shijiazhuang (Fig. 7c), the contributions
due to HTRA during the episodes ranged between 44-61%, making it the major PM2s
source. As earlier revealed in Fig. 5, PM2s formation during the episodes in Baoding (Fig.
7d) was attributed to the contributions of EMIS, AERO, and HTRA, with total
contributions of 93-98% during the EPs. In the four cities, PM2s removal was dominantly

influenced by VTRA during the EPs.

Furthermore, the diel variations of the contributions of various atmospheric
processes to the formation of PM2 s as well as the hourly variations of PM. s concentrations
at the surface layer during the three episodes are illustrated in Fig. 8. In Beijing, EMIS and
AERO processes were the major PM2s sources, and showed two peaks (07:00 LT and

20:00 LT) during the three episodes.
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572  Fig. 6. Hourly PM2 s change rates (Case 2) due to individual atmospheric processes for layers 1-10 (a-c) and evolution of hourly PM2 s
573  vertical profiles (d-f) during the three pollution episodes in Tianjin. Abbreviations used in this figure are the same as in Fig. 1.
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576  Fig. 7. Positive and negative contribution ratios of the individual processes to PM.s concentrations (Case 2) at the surface layer in (a)

577  Beijing, (b) Tianjin, (c) Shijiazhuang, and (d) Baoding during the three pollution episodes. Abbreviations used in this figure are the
578 sameas in Fig. 2.
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581  Fig. 8. Diel variations of contributions of individual processes to PM2s formation (Case 2) at the surface layer during the three pollution
582  episodes in the four representative cities. Abbreviations used in this figure are the same as in Fig. 1.
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The highest rates of EMIS during the EPs ranged between 54.8-58.6 ng/m?/h, all occurred
at 20:00 LT. The VTRA dominated the PM2 s removal, with the highest removal rates of -
109.3 pg/m?h (at 21:00 LT), -132.6 pg/m3h (at 20:00 LT), and -90.7 pg/m3h (at 20:00
LT) during EP1, EP2, and EP3, respectively. In addition, HTRA was another major PM25
removal pathway during the EPs. However, HTRA later acted as another PM2s source
during EP1 (17:00-22:00 LT; with maximum rate of 29.6 pg/m®h at 21:00 LT), EP2
(00:00-03:00 and 18:00-23:00 LT; with maximum rate of 44.7 ug/m®/h at 20:00 LT), and
EP3 (00:00-02:00 and 19:00-20:00 LT; with highest rate of 24.0 pg/m?h at 01:00 LT),
leading to the horizontal import of PM2s during the periods. Considering Tianjin, EMIS
process was the dominant PMzs source and exhibited two distinct peaks (00:00 LT and
20:00 LT) during the three episodes. The highest contributions of EMIS during EP1, EP2,
and EP3 were 77.7 pg/m3/h, 74.1 ng/m®/h, and 81.7 pg/m3/h, respectively, all occurred at
20:00 LT. AERO process was another PM2 s source with two peaks during EP1 (07:00 LT
and 19:00 LT), EP2 and EP3 (07:00 LT and 20:00 LT). The negative contributions of
VTRA made it the dominant PM. s sink throughout the 24hrs period, with the maximum
removal rates of -132.1 pug/m®h (at 20:00 LT), -112.5 pg/m*h (at 20:00 LT), and -81.3
pg/m¥h (at 21:00 LT) during EP1, EP2, and EP3, respectively. Besides VTRA, HTRA
served as the second major PM2 s sink during the three EPs. However, HTRA later became
another PM2s source during EP1 (16:00-21:00 LT; with maximum rate of 47.5 pg/m3/h),
EP2 (14:00-23:00; with maximum rate of 31.1 pg/m®%h), and EP3 (17:00-18:00 LT; with
very low rates). In Shijiazhuang, HTRA was the major PM2 contributor, and showed two
peaks during EP1 (98.3 pug/m%h at 01:00 LT and 124.8 ug/m%h at 21:00 LT), EP2 (45.8

ng/mh at 08:00 LT and 57.8 pg/m%h at 20:00 LT), and EP3 (65.2 pg/m?h at 00:00 LT
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and 60.3 pg/m3h at 21:00 LT). The VTRA was the dominant PM2.s removal pathway, with
the highest rates of -165.6 pg/m®h, -94.5 ug/m3/h, and -91.0 pg/m3/h during EP1, EP2, and
EP3, respectively, all at 21:00 LT. However, VTRA later became positive and served as
another PM5 source during EP1 (13:00-16:00 LT; with maximum rate of 17.4 pg/m3h at
15:00 LT), EP2 (14:00-17:00 with maximum rate of 19.4 pg/m®h at 15:00 LT), and EP3
(15:00-17:00 with highest rate of 13.6 ng/m®/h at 17:00 LT), resulting to the vertical import
of PM_ s during the periods. In Baoding, EMIS, AERO, and HTRA were the major PM2 5
formation pathways during nighttime, while EMIS and AERO were the dominant sources
during daytime. Being the major PM2s removal pathway, VTRA had the highest rates of -
136.3 pg/m3h (21:00 LT), -111.4 pug/m3h (20:00 LT), and -101.1 pg/m3h (21:00 LT)
during EP1, EP2, and EP3, respectively. During EP2, VTRA shortly behaved as another
PM_s source (13:00-15:00 LT, with highest rate of 36.5 pg/m®/h. With very low rates
during the episodes, DDEP and CHEM processes served as PM2s sink and source,
respectively across the four cities. The PM2s concentrations peaked in Beijing (EP1: 107.8
ng/m®at 07:00 LT; EP2: 132.1 pg/m?® at 20:00 LT; EP3: 130.3 pg/m?® at 08:00 LT), Tianjin
(EP1: 135.7 ug/md at 20:00 LT; EP2: 180.1 pg/m?® at 08:00 LT; EP3: 124.6 pug/m3 at 02:00
LT), Shijiazhuang (EP1: 197.6 pg/m® at 09:00 LT; EP2: 112.6 pg/m?® at 20:00 LT; EP3:
110.3 pg/m?3 at 00:00 LT), and Baoding (EP1: 192.0 ug/m? at 08:00 LT; EP2: 178.2 pg/m?®

at 08:00 LT; EP3: 142.8 ug/m? at 09:00 LT).

4. Conclusions
This study employed the PA tool in the CMAQ model to identify and quantify the
contributions of individual atmospheric processes and meteorology to the three PM2s

pollution episodes that occurred during the COVID-19 lockdown in the BTH region even
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with the required reductions in human activities. Due to emission reductions, the total PM2s
concentrations across the BTH decreased by 6.2-11.0%. However, the region still
experienced three PM2 s pollution episodes during the lockdown. The IPR results showed
that the EMIS and AERO processes were the dominant positive contributors to the net
surface PM2s in Beijing and Tianjin, while the EMIS, HTRA, and AERO pathways
dominated the net surface PM2s formation in Shijiazhuang and Baoding. In Case 2, the
decrease in surface PM2s concentrations across the BTH was primarily attributed to the
reduced EMIS and AERO processes, which shows the reduction in the primary source of
PM2s as well as decrease in the formation of secondary aerosol through gas-to-particle
conversion. Both vertical and horizontal transport had significant impacts on the changes
in surface PM2s. Elevated PM. s concentrations (in Case 2) in the BTH region during the
lockdown could be attributed to a low vertical transport rate of PM2 s from the surface layer
to the upper layers. Furthermore, during the three pollution episodes, EMIS and AERO
processes were the dominant sources of PM2s formation in Beijing, Tianjin, and Baoding,
while HTRA was the major source in Shijiazhuang. In all of the four cities, vertical
transport served as the major PMas sink throughout the episodes, with differences in
vertical rates between the episodes in each city. The pollution levels in the four cities were
greatly and positively influenced by the PBLH, as the episode with the lowest PBLH had
the highest PM25s concentration in a city. This study reveals the various atmospheric
processes and meteorological factors governing the PM.s formation during the severe
pollution episodes in the BTH region, as well as the changes in the individual atmospheric
processes and PM2s concentrations due to the lockdown measures, and shows that the

existing emissions control strategies could not prevent pollution episodes in the region,
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especially during the winter period. Since it is not possible to control the aerosol and
transport processes, only further changes in emissions will reduce the severity of the
episodes. Thus, better forecasting of the conditions that would foment such episodes
combined with more effective emissions control strategies are urgently required to be able

to mitigate such future severe pollution episodes in the BTH region.
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Key Points:

e Three severe PM2 s pollution episodes were identified in the Beijing-Tianjin-Hebeli
region during the COVID-19 lockdown.

e The PMa2s episodes were dominated by emissions and aerosol processes, and
enhanced by unfavorable meteorological conditions.

e Designing more effective emissions control strategies with both chemistry and
meteorology in thought could mitigate future PM. s episodes.
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Abstract

A major tool for curtailing the spread of COVID-19 pandemic in China was a
nationwide lockdown, which led to significant reductions in anthropogenic emissions and
fine particulate matter (PM25). However, the lockdown measures did not prevent high
PM2 s pollution episodes (EPs). Three severe EPs were identified in the Beijing-Tianjin-
Hebei (BTH) region during the lockdown. The integrated process rate (IPR) analysis tool
in the Community Multiscale Air Quality (CMAQ) model was employed to quantify the
contributions of individual atmospheric processes to PM2 s formation during the lockdown
in the BTH region. The IPR results showed that emissions and aerosol processes were the
dominant sources of net surface PM. in Beijing and Tianjin, constituting a total of 86.2%
and 92.9%, respectively, while emissions, horizontal transport, and aerosol processes
dominated the net surface PM.s in Shijiazhuang and Baoding. In addition, the EPs in
Beijing and Tianjin were primarily driven by local emissions, while the EPs in
Shijiazhuang and Baoding were attributed to combined local emissions and regional
transport. The reductions in PM2s in Case 2 relative to Case 1 were attributed to the weaker
PM2 s formation from emissions and aerosol processes. However, the EPs were enhanced
by low planetary boundary layer heights, low vertical export of PM2s from the boundary
layer to the free troposphere, and substantial horizontal import, especially in Shijiazhuang
and Baoding. This study improves the understanding of buildup of PM2s during the EPs,
and the results provide insights for designing more effective emissions control strategies

to mitigate future PM2 s episodes.

Keywords: Fine particulate matter; Pollution episodes; Process analysis; WRF-CMAQ);
COVID-19 shutdown.
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1. Introduction

For more than two decades, China has been suffering from severe haze pollution,
attributed to its population growth, urbanization, fast industrialization, as well as economic
advancement (Li etal., 2020; Shietal., 2017; Zhao et al., 2021). The development of severe
haze is caused by a combination of anthropogenic emissions (local and regional)
(Sulaymon et al., 2020, 2021a) and adverse meteorological conditions (Chen et al., 2021;
Huaetal., 2021; Hu etal., 2016; Shen, et al., 2021; Shi et al., 2020; Sulaymon et al., 2021a,
2021b). Severe air pollution causes reductions in visibility (Jiang et al., 2021; Li et al.,
2019; Wang et al., 2018), changes in climate and ecosystem services (Jiang et al., 2021;
Zhao et al., 2021), and adverse human health effects (Chen et al., 2017; Croft et al., 2019;
Hopke et al., 2019; Shang et al., 2018; Shen et al., 2020; Yan et al., 2018). The global
disease burden (GDB) has attributed about 2 million premature deaths per annum to severe
air pollution exposure in China (Yin et al., 2020).

The issuance of the new ambient air quality standards (GB3095-2012) in 2012 and
the subsequent implementation of the Air Pollution Prevention and Control Action Plan
(APPCAP) in September 2013 by the Chinese authorities has led to reduction in the
concentrations of fine particulate matter with aerodynamic diameters of <2.5 (PM2s) in
Chinese cities (Fan et al., 2020; Sulaymon et al., 2021d; Wang et al., 2016). For instance,
Xue et al. (2019) noted about 32.5% reduction in the national population-weighed PM: s
annual mean between 2013 and 2017. However, high PM2s concentrations are still
observed in most cities, with annual averages violating the annual Grade | (15 pg/m?®) and
Grade 11 (35 pg/m®) Chinese Ambient Air Quality Standards (CAAQS), and much higher

than the WHO (5 pg/m®) recommended limit or the USEPA (12 pg/m?®) standard.
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The Beijing-Tianjin-Hebei (BTH) region that includes Beijing and Tianjin, and
Hebei Province, is one of the most economically developed regions in China. The region
has been suffering from severe PM2s pollution over the past two decades (Chang et al.,
2018; Dai et al., 2021a), particularly during the winter season. During past international
events (e.g. 2008 Olympic Games, 2014 Asia-Pacific Economic Cooperation, and the 2015
Military Parade), Chinese authorities implemented major emissions reductions measures
in the BTH region to improve air quality. The effectiveness and success of the emissions
reduction policies have been assessed (Wang et al., 2016; Xu etal., 2017; Yang et al., 2016).

In December 2019, an outbreak of coronavirus disease (COVID-19) occurred in
Wuhan (Zhu et al., 2020) and spread across China and many other countries within a short
time. As one of the measures to curtail the spread of COVID-19 pandemic in China, a
nationwide lockdown was implemented by the Chinese authorities, leading to significant
reductions in anthropogenic emissions and PM2.s concentrations across China (Sulaymon
etal., 2021a, 2021c; Wang et al., 2020; Zhao et al., 2020; Zhao et al., 2021). However, the
BTH region still experienced high PM2zs pollution episodes during the lockdown
(Sulaymon, et al., 2021a; Zhang et al., 2021). Compared to the past international events
held in Beijing during the summer and autumn seasons (with no or few pollution episodes),
the COVID-19 pandemic occurred in winter, a period with frequent severe pollution events
especially in the BTH region. In addition, the COVID-19 lockdown had a longer period
with very strict measures than the duration of the past three events.

Previous studies have assessed the impacts of COVID-19 lockdown on air quality
as well as the relationships between air quality and meteorological conditions during

lockdown in BTH region (Cui et al., 2020; Dai et al., 2020; 2021b; Sulaymon et al., 20214;
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Zhang et al., 2021; Zhao et al., 2021), other regions in China (Gao et al., 2021; Liu et al.,
2020; Shen et al., 2021a, 2021b; Sulaymon, et al., 2021c; Wang et al., 2020; Wu et al.,
2021; Xing et al., 2020), and outside mainland China (Bashir et al., 2020; Chauhan and
Singh, 2020, 2021; Mishra et al., 2021; Muhammad et al., 2020; Orak and Ozdemir, 2021;
Querol et al., 2021; Sharma et al., 2020; Singh and Chauhan, 2020; Srivastava, 2021; Ye
etal., 2022). A few studies have also been performed on the regional source apportionment
of PM2s during the lockdown (Li et al., 2020; Ma et al., 2021). Li et al. (2020) reported
that industry (32.2-61.1%) and residential (2.1-28.5%) were the two highest sources
contributing to PM2s in the Yangtze River Delta (YRD) region, while about 14.0-28.6%
contribution was due to long-range transport from northern China. In the BTH region, a
few studies have also investigated the source apportionment of PM2 s during lockdown (Cui
et al., 2020; Dai et al., 2020). For example, Dai et al. (2020) used Positive Matrix
Factorization (PMF) to investigate the sources of PM2s in Tianjin. Their results showed
that secondary inorganic aerosols (SIA) (50.5%), fireworks and residential burning
(32.0%), and primary coal combustion emissions (13.3%) were the three dominant sources
contributing to PM2s during the lockdown. Overall, previous studies have reported
persistent haze episodes in the BTH region during lockdown despite the emission
reductions, and have generally attributed them to unfavorable meteorological conditions
(Cui et al., 2020; Dai et al., 2020; 2021b; Sulaymon et al., 2021a; Zhang et al., 2021; Zhao
et al., 2021). However, the formation of air pollutants involves various physical processes
(such as emissions, condensation, advection, diffusion, deposition, etc.) as well as

oxidative chemical process (Huang et al., 2005; Wang et al., 2014; Ye et al., 2022).
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The process analysis (PA) tool in the Community Multiscale Air Quality (CMAQ)
chemical transport model can provide quantitative analysis of the individual contributions
of various physical and chemical processes to the observed air pollution (Liu et al., 2010;
Liu and Zhang, 2011; Xing et al., 2011; Ye et al., 2022). Liu and Zhang (2011) employed
the PA tool to analyze a regional PM2s pollution episode in the U.S. They found that
emissions and aerosol processes such as homogeneous nucleation, heterogeneous
nucleation, and condensation were the dominant contributors to increased PMas
concentrations, while horizontal and vertical transport and dry deposition were the primary
loss mechanisms. Liu et al. (2010) utilized the PA to explore the contributions of various
atmospheric processes on ozone and PMz1o concentrations in China during four seasons.
The results showed that emissions and aerosol processes were the main contributors to
PM1o concentrations, while horizontal transport was the major removal pathway. Xing et
al. (2011) used CMAQ-PA tool to quantify the air quality benefits from emissions
reductions and meteorological variations during the 2008 Beijing Olympics. The results
indicated that aerosol and emission processes acted as the major PM2s pathways, while
vertical transport was the major PM3 s sink at the surface.

Therefore, analyzing the air quality during the unique lockdown period to provide
additional understanding of the underlying causes of high pollution episodes even during
periods of substantially reduced anthropogenic activity is important for providing
approaches to future air quality management strategies. The present study is the first that
elucidated the contributions of various atmospheric processes to PM2 s pollution episodes
during the lockdown in the BTH region. The results provide new insights into PM2s

formation of the three pollution episodes during lockdown. Thus, it provides a valuable
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example of how to use opportunities like the lockdown period to better understand the
causal factors of episodes in other areas of the world, which can then be applied to develop
more effective control strategies that would reduce the magnitude of these episodes and
better protect public health.
2. Methodology
2.1.  Model set-up and configurations

The Community Multiscale Air Quality model version 5.2 (CMAQV5.2) was
applied to simulate the air quality in the BTH region during the COVID-19 lockdown
period (January 24-February 29, 2020). The photochemical mechanism and the aerosol
module used in configuring the model were the State-wide Air Pollution Research Center
version 07 (SAPRCO7tic) and AEROGI, respectively (Liu et al., 2020; Sulaymon et al.,
2021a, 2021b). Two nested domains with horizontal resolutions of 36 and 12 km were used
(Fig. S1). The outer domain (36 km) covers China and the surrounding regions (137 x 107
grids), and the inner domain (12 km) covers the study area, the BTH region (127 x 202
grids). Each of the two domains had 18 vertical layers, emanating from the surface to a
height of about 20 km above the ground level. The initial and boundary conditions (IC/BC)
used in the 36 km domain were based on the default profiles provided by the CMAQ model,
while the IC/BC used for the 12 km domain were generated from the results of the 36 km
simulations. As a way of reducing the impact of initial conditions on PM2 s predictions, the
simulations began on January 19, and the results of the first 5 days (January 19-23, 2020)
were excluded from the model analysis, thus serving as a spin-up of the model. The
meteorological inputs were simulated by the Weather Research and Forecasting (WRF v4.0)

model with the FNL reanalysis data serving as the IC/BC. The detailed settings and
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configurations, including the major physics schemes used in this study are listed in Table
S1, while other settings could be found in previous studies where the WRF model was
applied (Hu et al., 2015, 2016; Wang et al., 2021).

In this study, the Multi-resolution Emission Inventory for China (MEIC) of year
2016 (http://mwww.meicmodel.org) served as the anthropogenic emissions from China. In
addition, the anthropogenic emissions from adjacent countries and regions were processed
based on the Regional Emission inventory in ASia version 2 (REAS2) (Kurokawa et al.,
2013). Biogenic emissions were estimated with the Model of Emissions of Gases and
Aerosols from Nature (MEGAN) version 2.1. Open burning emissions were generated
based on the data obtained from the Fire INventory from NCAR (FINN) (Wiedinmyer et
al., 2011). Sea salt and windblown emissions were generated inline (Sulaymon et al., 2021a,
2021b). Further details regarding the emission processing can be found in Hu et al. (2016)
and Qiao et al. (2015).

To evaluate the impacts of the emissions reductions on air quality, two scenarios
(referred to as Cases 1 and 2) were simulated as presented in Table S2. The first scenario
(Case 1) used the original MEIC16 emission inventory. In the second scenario (Case 2),
emissions from transportation, industry, and power sectors were reduced (Table S2) during
the lockdown period, while those of residential and agriculture were similar to Case 1. The
basis for adopting the emission reduction factors has been previously presented (Sulaymon
etal., 2021a; Wang et al., 2020), and has also been detailed in the Supplementary Material
(Text S1). The differences between the results of Cases 1 and 2 represent the impact of

emissions reductions on air quality during the lockdown.
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2.2.  Process analysis

The process analysis (PA) tool embedded in the CMAQ model has been described
as a versatile analytical tool for quantifying the contributions of individual atmospheric
processes and chemical reactions to a pollutant (Fu et al., 2020; Ye et al., 2022). PA is
comprised of two components; the integrated process rate (IPR) and integrated reaction
rate (IRR) analysis. The IPR involves the changes in the hourly concentrations of pollutants
due to individual atmospheric processes such as gas-phase chemistry, emissions, aerosol
processes, dry deposition, cloud processes, and vertical and horizontal transport at each
grid cell in the model domain. The IPR analysis has been extensively used in quantifying
the contributions individual atmospheric processes to air pollutants (Fan et al., 2015; Fu et
al., 2020; Li et al., 2012; Wang et al., 2010; Xing et al., 2011; Ye et al., 2022), hence,

detailed information about IPR can be found in these referenced studies.

In this study, the IPR module in CMAQV5.2 was employed to resolve both physical
and chemical processes involved in the formation of PM2.s during the lockdown period in
the BTH region. The IPR results were subsequently used to analyze the individual
processes involved in PM2s formation in the surface layer and full planetary boundary
layer (PBL), respectively. For this purpose, the processes considered were the chemistry
(gas-phase), emissions, aerosol processes (SOA formation, nucleation, condensation,
coagulation, heterogeneous chemistry, mode merging, and aerosol thermodynamics), cloud
processes, dry deposition, vertical transport (sum of vertical advection and diffusion), and
horizontal transport (sum of horizontal advection and diffusion). Based on their
contributions to PM25s concentrations, atmospheric processes can be grouped into two;

source process (concentration increases) and sink process (concentration decreases). Dry
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deposition and emission belong to the sink and source process, respectively. The IPR of
other processes can either be source (positive) or sink (negative). The contributions of
individual atmospheric processes to the formation of PM2s were estimated using the

approach of Ye et al. (2022):

YeIPRp ¢

SOURCEp = m X 100% (lPRp,t >0) (1)
_ %tIPRy;
SINKy = s5200 x 100%  (IPR:<0) @)

where p is the atmospheric process, and t is the time (in hour). SOURCE, and SINK, are
the proportions of the atmospheric process p in all source and sink processes, respectively.
Both source and sink categories are used to reveal how important an atmospheric process

is in influencing the changes in PM2 s concentrations.

3. Results and discussion
3.1.  WRF model performance

Meteorological parameters play an important role in the formation and
transportation of air pollution (Hu et al., 2016; Sulaymon et al., 2021a, 2021b; Wang et al.,
2021). In addition, the influences of meteorological parameters on the air quality
simulations using chemical transport model have also been established (Hu et al., 2016;
Sulaymon et al., 2021a; Wang et al., 2021). To evaluate the WRF model performance, the
predicted temperature (T2) and relative humidity (RH) at 2 m above ground level, and wind
speeds (WS) and wind directions (WD) at 10 m above surface were compared to the
observational data downloaded from the official website of the Chinese Meteorological

Agency (http://data.cma.cn/en, last access: January 2023). Table S3 shows the summary
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statistics including the mean observation (OBS), mean prediction (PRE), mean bias (MB),
mean error (ME), and the root mean square error (RMSE). In addition to the BTH region
as a whole, four representative cities including Beijing (BJ), Tianjin (TJ), Shijiazhuang
(SJZ), and Baoding (BD) were evaluated. Generally, T2 (Table S3) was slightly over-
predicted in the BTH and the four representative cities during the lockdown. The MB and
ME of T2 in BTH were 0.4 and 1.7, respectively, which fell below the suggested
benchmarks (MB<#0.5; and ME<2.0) (Emery et al., 2001). These are consistent with a
previous study over BTH region (Chang et al., 2019). Except in Tianjin (MB:0.5), the MB
values in other three cities (Beijing:2.2; Shijiazhuang:0.6; and Baoding:1.3) exceeded the
benchmark. Except in Beijing (ME:2.3), the ME values in all the cities were within the
benchmark range. Although there were no suggested benchmarks for the MB and ME
indices of RH, however, RH (Table S3) was underpredicted in BTH region and the four
representative cities (Ma et al., 2021). Similar results had been reported by previous studies
over BTH region (Chang et al., 2018; Li et al., 2021b; Sulaymon et al., 2021a; Zhao et al.,
2021) and China as a whole (Hu et al., 2016; Sulaymon et al., 2021b; Wang et al., 2021).
Bhati and Mohan (2018) obtained a similar result and attributed it to the influence of the
boundary layer parameterization on the weather prediction. The mean observed WS across
the cities and BTH ranged from 1.8 to 2.3 m/s, an illustration of relatively calm conditions
during the lockdown. Generally, WS (Table S3) was over-predicted (Ma et al., 2021).
However, based on the ME, MB, and RMSE indices, the predictions reasonably captured
the observations across the four cities and BTH (Li et al., 2021b; Sulaymon et al., 20213;
Zhao et al., 2021). The over-predictions of WS might be due to unresolved topography

within the WRF model (Li et al., 2014). The MB values met the suggested benchmark
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(<+0.5) in BTH and three cities except Shijiazhuang (0.7). During the lockdown, the ME
and RMSE values ranged between 0.6-0.9 and 0.7-1.2, respectively, with both indices
falling below the recommended benchmarks (<2.0). WD (Table S3) was generally under-
predicted except in Shijiazhuang where the PRE was slightly higher than the OBS. Overall,
the MB values were above the suggested criterion range (<+10) except in Baoding (MB: -
0.8), Shijiazhuang (MB:2.3), and BTH (MB: -9.6). Also, the ME values in the four cities
and BTH region greatly exceeded the benchmark (<+30), especially in Shijiazhuang
(ME:101.5), Beijing (ME:78.4), and BTH region (ME:70.5). Similar model performance
of WD had been reported (Hu et al., 2016; Sulaymon et al., 2021a, 2021b; Wang et al.,
2021). Generally, in this study, the WRF model exhibited better performance when
compared to previous studies in BTH region (Chang et al., 2019; Li et al., 2021b; Sulaymon
etal., 2021a; Zhang et al., 2021; Zhao et al., 2021) and China as a country (Ma et al., 2021;
Sulaymon et al., 2021b; Wang et al., 2021). Since the simulated meteorological parameters

were robust, they were used in driving the air quality simulations.

3.2. CMAQ model performance

In evaluating the performance of CMAQ model in predicting PM2s, statistical
indices, which include the mean observations (OBS), mean predictions (PRE), mean
fractional bias (MFB), mean fractional error (MFE), mean normalized bias (MNB), and
mean normalized error (MNE) were calculated. The performance of CMAQ model for
PM2s over the BTH and at four representative cities during the lockdown period based on
the two cases are shown in Table S4. Generally, the simulated PM2s concentrations

exhibited good agreement with the observed data with the model performance indices
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falling within the recommended benchmarks for PM2s (MFB <+0.60 and MFE < 0.75)
(Boylan and Russel, 2006) in BTH and the four cities for the two cases. For Case 1, PM2s
was over-estimated in BTH (0.10), Beijing (0.31), and Tianjin (0.41), while it was under-
predicted in Shijiazhuang (-0.05) and Baoding (-0.19). Considering Case 2, all of the MFB
values were negative except in Tianjin (0.32), an indication that CMAQ under-predicted
the total PM2s concentrations in BTH and the other three cities. Chang et al. (2019) had
reported an under-estimation of PM2s by CMAQ in Beijing and Shijiazhuang, which is
consistent with this study for Case 2. Also, the model performances for Case 2 are in line
with the findings of Sulaymon et al. (2021a) In addition, under-predictions of PM_ in all
of the prefectural-level cities of BTH region were reported by Jiang et al. (2021). The MFE
values for the two cases ranged between 0.40-0.51, which were within the recommended
benchmark (MFE< 0.75). Overall, the CMAQ model has shown better performance in this
study when compared to previous studies across the BTH region (Chang et al., 2019; Jiang
etal., 2021; Li et al., 2021b; Sulaymon et al., 2021a; Zhang et al., 2021; Zhao et al., 2021).
Thus, the model results were deemed acceptable for further analyses, including the IPR
analysis.

3.3.  IPR analysis of PM2s formation at the surface layer

The hourly concentrations of PM2s as well as the contributions of the individual
atmospheric processes to the evolution of PM: s at the surface layer in the BTH region and
four representative cities for the two cases during the lockdown period are illustrated in
Fig. 1. In the BTH region as a whole, the emissions (EMIS), horizontal transport (HTRA),
and aerosol processes (AERO) were the major positive contributors (sources) to the net

surface PMys.
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Fig. 1. Contributions of the individual processes to the concentrations of PM. s at the surface layer in Cases 1 and 2 during the lockdown
period. EMIS represents PM.s input by emissions, DDEP represents PM2s decrease by dry deposition; HTRA and VTRA represent
PM25 change by horizontal and vertical transport, respectively; AERO represents PMz s change by the aerosol; and CHEM represents
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For Case 2, the contributions of EMIS, HTRA, and AERO to PM2 s formation were 42.4,
32.5, and 20.9% (Fig. 2b), respectively, while their contributions in the same order for Case
1 were 46.7, 29.4, and 20.3% (Fig. 2a), respectively. The reduction in the surface layer’s
PM2 s for the two cases was primarily attributed to the vertical transport (VTRA), while
slight removal was also due to dry deposition (DDEP). In Beijing and Tianjin, EMIS and
AERO were the predominant processes that contributed to the net surface PM2 s formation
(Fig. 1) for both cases. The total contribution ratios of EMIS and AERO in Case 2 were
86.2% and 92.9% for Beijing and Tianjin (Fig. 2b), respectively. The reduction of surface
PM2sin Beijing and Tianjin for the two cases was associated with the VTRA, HTRA, and
DDEP processes, with VTRA being the highest sink, with negative contributions of 79.0-
81.3% (Beijing) and 80.2-81.0% (Tianjin). The results of the present study are consistent
with those reported by Ye et al. (2022) in the coastal city of Kannur, India, where the EMIS,
HTRA, and AERO were the dominant processes that positively contributed to PM2s
evolution, while VTRA and DDEP were responsible for surface PM2s removal during the
three periods considered in the study. Also, Fan et al. (2015) reported EMIS and VTRA as
the two major processes that influenced PM2s at the surface layer in the Pearl River Delta
(PRD) region of China. Furthermore, Liu et al. (2010) and Xing et al. (2011) had earlier
reported EMIS and AERO as the major PM2 s sources in both surface layer and the PBL in
Beijing, while Xing et al. (2011) found VTRA as the major PM2 5 sink in the surface layer.
The PM2sremoval due to HTRA and DDEP in both cases were relatively the same in both
Beijing and Tianjin. Considering Shijiazhuang and Baoding, similar trends were obtained

regarding the contributions of individual processes to PM2 s formation.
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Fig. 2. Positive and negative contribution ratios of the individual processes to PM2s concentrations (a,b) at the surface layer and (c,d)
in the planetary boundary layer in Cases 1 and 2 during the lockdown period. EMIS, AERO, CLDS, VTRA, HTRA, DDEP, and CHEM
represent the contributions of the emissions, aerosol, clouds, vertical transport, horizontal transport, dry deposition, and gas-phase
chemistry, respectively to PM2 s formation.
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The EMIS, AERO, and HTRA processes dominated the positive contributions to
the net surface PM2s in the two cities (Fig. 1), accounting for a total of 94.0 and 96.5% in
Shijiazhuang and Baoding, respectively in Case 2 (Fig. 2b), while similar contributions
were obtained in Case 1 (Fig. 2a). In addition to EMIS and AERO processes, the horizontal
import of PM2s to the surface layer via HTRA contributed to the elevated PM2s
concentrations in both Shijiazhuang and Baoding relative to Beijing and Tianjin. VTRA
dominated the removal of PM2s from the surface layer to upper layers in both cities, with
higher rates in Case 1 relative to Case 2. DDEP process also had negative effects on PM2 s
formation in the two cities, with very low contributions, especially in Shijiazhuang. The
photochemistry (CHEM) process had positive net impacts on PM2 s evolution for the two
cases across the BTH region and the four representative cities, however, the contributions
were extremely low and negligible (Fan et al., 2015). This is contrary to what was reported
in Kannur (Ye et al., 2022), as CHEM had negative effects on PM_ s in the city. Due to the
negligible contributions of cloud (CLDS) processes to PMzs, it was not discussed in this
study. It should be noted that the PM..s concentrations in BTH region and the four cities in
Case 2 were relatively low compared to Case 1. This could be attributed to low PM25s
formation from EMIS in Case 2. However, there was no substantive decrease in PMzs
concentrations in Case 2 despite reductions in anthropogenic emissions. This could be
explained by the reduced PM2 s export from the surface layer to the upper layers due to low
VTRA rates in Case 2 (compared to Case 1), leading to the accumulation of PM2s in the

surface layer, which subsequently led to high PM2.s pollution during the lockdown period.
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3.4. PR analysis of PM2 s formation in the PBL

Fig. S2 shows the mean hourly change rates attributed to individual atmospheric
processes to PM2s production and the concentrations of PM2s in the PBL during the
lockdown. The contributions of the various processes to PMa2s formation within the PBL
in BTH and the four cities followed the similar trends as found in the surface layer.
However, the contributions of the individual processes to PM. s were smaller in the PBL
compared to the surface layer, as PM2s concentrations decrease as vertical layers increase
(Fan et al., 2015). Generally, the contributions of EMIS and VTRA to the net PM_ s (Case
2) were low in the PBL compared to the surface layer. For instance, relative to what was
obtained to the surface layer, the rates due to EMIS and VTRA in the PBL decreased by
half in BTH region and all of the representative cities. Similar to the surface layer, the
EMIS, HTRA, and AERO were the predominant contributors to the net PM2 s in the whole
BTH region and Baoding, while only EMIS and AERO processes contributed substantially
to the net PMs in Beijing and Tianjin. In Shijiazhuang, however, HTRA was the dominant
contributor to PM2 s formation. Compared to other processes, the contributions of CHEM
process were extremely low and negligible (Fan et al., 2015; Ye et al., 2022). In addition
to VTRA as the major process responsible for the removal of PM3 s across the study areas,
PM2s removal in Beijing and Tianjin was also associated with HTRA. In all of the study
areas, slight removal of PM2 s was also attributed to DDEP process. It could be noted that
the VTRA and HTRA effects within the PBL were opposite to those to the surface layer.
As illustrated in Fig. 2(d), the negative contributions (sinks) due to VTRA in the entire
PBL substantially reduced in all of the study areas except Shijiazhuang (increased) when

compared to the surface layer. Contrary to the surface layer, the sinks (PM2s removal) due
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to HTRA within the PBL increased in all of the study areas except Shijiazhuang
(decreased). It is worth noting that despite the decreases in EMIS rates by half (which might
have adversely influenced PM2 s formation within the PBL) in comparison to the surface
layer, the absolute difference in PM25s concentrations between the surface layer and PBL
was not significant, and ranged between 5.7-9.1 pg/m? across the study areas. This could
be attributed to reduced PM. s export due to low VTRA rates, leading to the accumulation
of PM2s within the PBL, and subsequently resulted to high PM2s concentrations. Overall,
in the PBL, EMIS and VTRA served as the two dominant processes that impacted PM2s
in BTH, Beijing, Tianjin, and Baoding, while VTRA and HTRA were the two major

processes that influenced PM2s formation in Shijiazhuang.
3.5.  Vertical profiles of the atmospheric processes contributing to PM2s

The mean hourly PM2 5 change rates attributed to individual atmospheric processes
for the first ten layers (layers 1-10), as well as the vertical profiles of PM2s evolution for
Case 2 during the lockdown period are illustrated in Fig. 3, while that of Case 1 are shown
in Fig. S3. As earlier stated in section 3.4, the characteristics of PM2s concentrations at
upper layers (layer 4 and above) were different from near-surface layers, hence, the
contributions of emissions sources at upper layers were negligible (Fan et al., 2015). Across
the study areas, the contributions from EMIS sources were only found within layers 1-3
(Fig. 3a-e) (Fan et al., 2015; Ye et al., 2022), and this was associated with the height of the
emissions sources (Fan et al., 2015; Ye et al., 2022). The highest and lowest contributions
of EMIS were found in Tianjin and Shijiazhuang, respectively, and the contribution
decreased as the vertical layer increased. Within the first three layers, AERO process was

another major source of PMzs in all of the study areas, and the formation rate of PM2s

19



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

through the AERO process decreased as the vertical layer increased. Furthermore, VTRA
contributed negatively and served as the predominant sink for removing the near-surface
PM2s at the lower layers in Beijing (layers 1-3), Shijiazhuang (layers 1-4), Tianjin and
Baoding (layers 1-2), while it slightly contributed positively (acted as source) at the upper
layers. This is consistent with the results of Fan et al. (2015), in which VTRA was reported
as a sink in the near-surface layers and a source in the upper layers (layer 4 and above). In
Beijing (Fig. 3b) and Tianjin (Fig. 3c), HTRA served as another sink for PM_s across the
vertical layers, and the rate initially increased between layers 1 and 2, but continuously
decreased as the vertical layer increased. In Shijiazhuang (Fig. 3d), HTRA contributed
positively at the lower layers (layers 1-3) and negatively at the upper layers. Considering
Baoding (Fig. 3e), HTRA only acted as the source at the first layer, while it behaved as the
sink from the second layer upward. It could be deduced that there were vertical and
horizontal exports of PM. in Beijing and Tianjin at the surface layer, while Shijiazhuang,
Baoding, and the whole BTH region witnessed vertical export and horizontal import of
PM25s in the surface layer. DDEP acted as another sink of PM2s, and only existed at the
first layer across the study areas (Fan et al., 2015; Ye et al., 2022). DDEP contributions
were only found in the first layer because dry deposition was treated as a bivariate variable
by the CMAQ model, and integrated it over the whole atmospheric column (Fan et al.,
2015). As shown in Fig. 3(f-j), the highest PM2.s concentration was found in the surface
layer, and decreased with increases in vertical layer height (Fan et al., 2015). This result
could be attributed to the contributions of EMIS and AERO processes, as well as the

decreasing trends of the two processes as the vertical layer increased.
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3.6 IPR analysis of PM2 s pollution episodes during lockdown

During the lockdown period, the predicted PM2 s concentrations (in Case 2) (Fig.4;
Tables S5-S6) indicated that persistent PM2s pollution episodes could not be avoided in
the BTH region despite reductions in anthropogenic emissions (Sulaymon et al., 2021a).
Fig. S6 illustrates the spatial distributions of PM2s in the BTH region during the lockdown
for the two cases. Fig. S6(b) shows that the PM> s concentrations during the lockdown were
higher (PM25>75 ng/m?, level 11 of Chinese air quality standard) in Tianjin and southern
Hebei Province, while the northern Hebei was characterized with low concentrations
(PM25<50 pg/m®). In the prefectural-level cities of BTH region, three severe PMas
pollution episodes (EPs) (Fig. 4) occurred during the lockdown (Case 2). They are
represented as EP1 (January 24-31, 2020), EP2 (February 7-13), and EP3 (February 19-
21). It should be noted that EP1 and EP2 coincided with the 2020 Spring (January 25) and
Lantern (February 8) festivals, respectively. The statistics for all the EPs in each city are
enumerated in Tables S5-S6. For the purpose of process analysis of PM2 s during the EPs,
Beijing, Tianjin, Shijiazhuang, and Baoding were selected as the representative cities. As
illustrated in Fig. 5, Beijing and Tianjin had the highest PM2s concentrations during EP2,
while Shijiazhuang and Baoding recorded their highest PM2s concentrations during EP1.
Also, during EP2 and EP3, Baoding experienced severe pollution with elevated PM2s
concentrations. This indicates that the region suffered severe pollution episodes during the
lockdown. Dai et al. (2021) and Sulaymon et al. (2021a) had previously reported severe
haze episodes in the BTH region during the lockdown. Therefore, it becomes pertinent to

elucidate the major atmospheric processes responsible for the formation of the EPs.
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Fig. 4. Spatial distributions of predicted PM2s (Case 2) during (a) EP1, (b) EP2, and (c) EP3 in the BTH region. Units are pg/m?®.
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477  Fig. 5. Contributions of the individual processes to the concentrations of PM2s (Case 2) at the surface layer during the three pollution
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The contributions of different atmospheric processes to PM. s formation (in Case 2) during
the three EPs in the four representative cities were analyzed. Table S7 shows the average
planetary boundary layer height (PBLH) and wind speed for the four cities during the three
EPs. The PBLH during the third pollution episode (EP3; PBLH>400 m) was higher than
the PBLH during the first two pollution episodes (EP1 and EP2; PBLH<370 m) across the
study areas. A thinner boundary layer is more conducive for the accumulation of locally-
emitted particles, leading to increased PM2 s concentrations and results in haze events (Fan
et al., 2015). As illustrated in Fig. 5, the three pollution episodes in Beijing and Tianjin
were principally caused by local emissions (EMIS), while the pollution events in
Shijiazhuang and Baoding could be attributed to both local emissions (EMIS) and regional

transport (HTRA).

Fig. 5 shows that emissions sources and aerosols were the major positive
contributors to PM2 s pollution in Beijing, Tianjin, and Baoding, while horizontal transport
was the most significant positive contributor to pollution level in Shijiazhuang, followed
by emissions and aerosols. In Baoding, however, HTRA also contributed positively
towards PM.s concentrations throughout the three episodes. There were no significant
differences between emissions sources among the three episodes in all of the study areas,
and the average total emissions ranged between 13.3-42.6 pg/m3/h across the EPs in the
cities. During the three episodes across the four cities, PM2s was released into the
atmosphere through EMIS and AERO processes, and fell back to the surface layer via
DDEP process (Fan et al., 2015), with very low rates of dry deposition (ranged between -
2.1 ug/m®h and -4.3 pg/m®h). Also, PMs was transported and diffused through VTRA

and HTRA processes. In Beijing and Tianjin, there were negligible differences between
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the contributions from VTRA during the first two episodes, and the total rates were
approximately -51 pg/m%h and -60 pg/m®/h in Beijing and Tianjin, respectively. During
EP3 in the two cities, the contributions by VTRA (-40 pg/m®/h in Beijing; and -42 pg/m?/h
in Tianjin) were low relative to the first two episodes. The VTRA contributions in
Shijiazhuang (-75 pg/m®h) and Baoding (-65 pg/m®/h) during EP1 were greater than those
contributed in Beijing and Tianjin during the same period, and this was due to lower PBLH
values (Table S7) in Shijiazhuang and Baoding relative to Beijing and Tianjin. The
difference in the VTRA rates between the first two episodes and the third episode in Beijing
and Tianjin could be explained by the accumulation of particulates on near-surface layers
due to the nature of boundary layer (thinner) (Fan et al., 2015) being exhibited during the
first two pollution episodes. Therefore, VTRA had a greater clearing impact for PMas
during the first two episodes in the two cities. Contrarily, during the third episode in the
two cities, a more uniform vertical mixing of PM2s was achieved, and this was due to the
thicker PBLHs during EP3 (Table S7). Hence, the clearing effect of VTRA during EP3
was low compared to EP1 and EP2. In addition, due to higher wind speed during EP3
(Table S7), the negative contributions due to HTRA were higher in Beijing (-8 pug/m®/h)
and Tianjin (-13 pg/m®h) during EP3 compared to EP1 and EP2, and this subsequently
reduced the contributions from VTRA during EP3. In Shijiazhuang, VTRA also exhibited
a very greater clearing effect during EP1 than EP2 and EP3, and similar scenario also
occurred in Baoding. In Shijiazhuang, HTRA was the dominant positive contributor to
PM2 s throughout the episodes, with the highest contribution rate during EP1. In Baoding,
however, there was negligible difference between the contributions from HTRA to PM2s

pollution during the three episodes. Due to availability of several emissions sources in
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Beijing and Tianjin, which result to a large quantity of local emissions, PM2s
concentrations were generally higher in the two cities. Hence, the effects of both VTRA
and HTRA on pollution levels were negative during the three pollution episodes, and both
mainly provided dilution and clearing effects in the two cities (Fan et al., 2015). On the
other hand, in both Shijiazhuang and Baoding, horizontal transport contributed positively
and significantly increased PM2 s concentrations during the three episodes. It is also worthy
to mention that PM2s concentrations during the three episodes in the four cities were
greatly and positively influenced by the planetary boundary layer height, as the episode
with the lowest PBLH had the highest PM2s concentration in a city. The results of the
present study are consistent with those reported by Fan et al. (2015) during three pollution
episodes over the PRD region. Fan et al. (2015) had reported surface emissions, aerosol
processes, and horizontal transport as the major contributors to air pollution episodes over
the PRD. In the PBL (Fig. S7), EMIS and AERO were also the dominant contributors to
PM2s concentrations in Beijing and Tianjin, HTRA was the most important source in
Shijiazhuang, and EMIS, AERO, and HTRA actively contributed to PM3s formation in
Baoding during the EPs. VTRA was the major removal pathway. However, the

contribution and removal rates were low in the PBL relative to the surface layer.

To better understand the roles of the atmospheric processes towards the pollution
episodes, PM2s formation and removal within the PBL (layers 1-10) were analyzed in
Tianjin (Fig. 6), while those of other three cities are illustrated in Figs S8-S10. Considering
the three EPs in Tianjin, the positive contributions of EMIS and AERO processes to the
hourly PM2s significantly occurred within layers 1-3 (Fig. 6a-c), while they both

contributed less at upper layers. Also, there were vertical imports of PM_ s (although very
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low) at upper layers (layers 3-10 for EP1 and EP2; and layers 3-6 for EP3). Conversely,
VTRA (layers 1-2) and HTRA (layers 1-10) served as the predominant sinks and PM2s
removal pathways. DDEP process also acted as another sink for PM2 s during the EPs, and
only existed at the first layer (Fan et al., 2015). The contributions by CHEM process were
negligible across the vertical layers (Fan et al., 2015; Ye et al., 2022). As shown in Fig.
6(d-f), EP2 was characterized with the highest PM2s concentrations, followed by EP1 and
EP3. Furthermore, the PM2s formation processes in the surface layer during the EPs were
compared. Fig. 7 illustrates the percentage contributions of the atmospheric processes to
PM: s formation/removal during the EPs in the four cities. The total contributions of EMIS
and AERO (EMIS+AERO) during the EPs ranged between 80-89% and 88-97% in Beijing
(Fig. 7a) and Tianjin (Fig. 7b), respectively. In Shijiazhuang (Fig. 7c), the contributions
due to HTRA during the episodes ranged between 44-61%, making it the major PM2s
source. As earlier revealed in Fig. 5, PM2s formation during the episodes in Baoding (Fig.
7d) was attributed to the contributions of EMIS, AERO, and HTRA, with total
contributions of 93-98% during the EPs. In the four cities, PM2s removal was dominantly

influenced by VTRA during the EPs.

Furthermore, the diel variations of the contributions of various atmospheric
processes to the formation of PM2 s as well as the hourly variations of PM. s concentrations
at the surface layer during the three episodes are illustrated in Fig. 8. In Beijing, EMIS and
AERO processes were the major PM2s sources, and showed two peaks (07:00 LT and

20:00 LT) during the three episodes.
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572  Fig. 6. Hourly PM2 s change rates (Case 2) due to individual atmospheric processes for layers 1-10 (a-c) and evolution of hourly PM2 s
573  vertical profiles (d-f) during the three pollution episodes in Tianjin. Abbreviations used in this figure are the same as in Fig. 1.
574
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581  Fig. 8. Diel variations of contributions of individual processes to PM2s formation (Case 2) at the surface layer during the three pollution
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The highest rates of EMIS during the EPs ranged between 54.8-58.6 ng/m?/h, all occurred
at 20:00 LT. The VTRA dominated the PM2 s removal, with the highest removal rates of -
109.3 pg/m?h (at 21:00 LT), -132.6 pg/m3h (at 20:00 LT), and -90.7 pg/m3h (at 20:00
LT) during EP1, EP2, and EP3, respectively. In addition, HTRA was another major PM25
removal pathway during the EPs. However, HTRA later acted as another PM2s source
during EP1 (17:00-22:00 LT; with maximum rate of 29.6 pg/m®h at 21:00 LT), EP2
(00:00-03:00 and 18:00-23:00 LT; with maximum rate of 44.7 ug/m®/h at 20:00 LT), and
EP3 (00:00-02:00 and 19:00-20:00 LT; with highest rate of 24.0 pg/m?h at 01:00 LT),
leading to the horizontal import of PM2s during the periods. Considering Tianjin, EMIS
process was the dominant PMzs source and exhibited two distinct peaks (00:00 LT and
20:00 LT) during the three episodes. The highest contributions of EMIS during EP1, EP2,
and EP3 were 77.7 pg/m3/h, 74.1 ng/m®/h, and 81.7 pg/m3/h, respectively, all occurred at
20:00 LT. AERO process was another PM2 s source with two peaks during EP1 (07:00 LT
and 19:00 LT), EP2 and EP3 (07:00 LT and 20:00 LT). The negative contributions of
VTRA made it the dominant PM. s sink throughout the 24hrs period, with the maximum
removal rates of -132.1 pug/m®h (at 20:00 LT), -112.5 pg/m*h (at 20:00 LT), and -81.3
pg/m¥h (at 21:00 LT) during EP1, EP2, and EP3, respectively. Besides VTRA, HTRA
served as the second major PM2 s sink during the three EPs. However, HTRA later became
another PM2s source during EP1 (16:00-21:00 LT; with maximum rate of 47.5 pg/m3/h),
EP2 (14:00-23:00; with maximum rate of 31.1 pg/m®%h), and EP3 (17:00-18:00 LT; with
very low rates). In Shijiazhuang, HTRA was the major PM2 contributor, and showed two
peaks during EP1 (98.3 pug/m%h at 01:00 LT and 124.8 ug/m%h at 21:00 LT), EP2 (45.8

ng/mh at 08:00 LT and 57.8 pg/m%h at 20:00 LT), and EP3 (65.2 pg/m?h at 00:00 LT
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and 60.3 pg/m3h at 21:00 LT). The VTRA was the dominant PM2.s removal pathway, with
the highest rates of -165.6 pg/m®h, -94.5 ug/m3/h, and -91.0 pg/m3/h during EP1, EP2, and
EP3, respectively, all at 21:00 LT. However, VTRA later became positive and served as
another PM5 source during EP1 (13:00-16:00 LT; with maximum rate of 17.4 pg/m3h at
15:00 LT), EP2 (14:00-17:00 with maximum rate of 19.4 pg/m®h at 15:00 LT), and EP3
(15:00-17:00 with highest rate of 13.6 ng/m®/h at 17:00 LT), resulting to the vertical import
of PM_ s during the periods. In Baoding, EMIS, AERO, and HTRA were the major PM2 5
formation pathways during nighttime, while EMIS and AERO were the dominant sources
during daytime. Being the major PM2s removal pathway, VTRA had the highest rates of -
136.3 pg/m3h (21:00 LT), -111.4 pug/m3h (20:00 LT), and -101.1 pg/m3h (21:00 LT)
during EP1, EP2, and EP3, respectively. During EP2, VTRA shortly behaved as another
PM_s source (13:00-15:00 LT, with highest rate of 36.5 pg/m®/h. With very low rates
during the episodes, DDEP and CHEM processes served as PM2s sink and source,
respectively across the four cities. The PM2s concentrations peaked in Beijing (EP1: 107.8
ng/m®at 07:00 LT; EP2: 132.1 pg/m?® at 20:00 LT; EP3: 130.3 pg/m?® at 08:00 LT), Tianjin
(EP1: 135.7 ug/md at 20:00 LT; EP2: 180.1 pg/m?® at 08:00 LT; EP3: 124.6 pug/m3 at 02:00
LT), Shijiazhuang (EP1: 197.6 pg/m® at 09:00 LT; EP2: 112.6 pg/m?® at 20:00 LT; EP3:
110.3 pg/m?3 at 00:00 LT), and Baoding (EP1: 192.0 ug/m? at 08:00 LT; EP2: 178.2 pg/m?®

at 08:00 LT; EP3: 142.8 ug/m? at 09:00 LT).

4. Conclusions
This study employed the PA tool in the CMAQ model to identify and quantify the
contributions of individual atmospheric processes and meteorology to the three PM2s

pollution episodes that occurred during the COVID-19 lockdown in the BTH region even
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with the required reductions in human activities. Due to emission reductions, the total PM2s
concentrations across the BTH decreased by 6.2-11.0%. However, the region still
experienced three PM2 s pollution episodes during the lockdown. The IPR results showed
that the EMIS and AERO processes were the dominant positive contributors to the net
surface PM2s in Beijing and Tianjin, while the EMIS, HTRA, and AERO pathways
dominated the net surface PM2s formation in Shijiazhuang and Baoding. In Case 2, the
decrease in surface PM2s concentrations across the BTH was primarily attributed to the
reduced EMIS and AERO processes, which shows the reduction in the primary source of
PM2s as well as decrease in the formation of secondary aerosol through gas-to-particle
conversion. Both vertical and horizontal transport had significant impacts on the changes
in surface PM2s. Elevated PM. s concentrations (in Case 2) in the BTH region during the
lockdown could be attributed to a low vertical transport rate of PM2 s from the surface layer
to the upper layers. Furthermore, during the three pollution episodes, EMIS and AERO
processes were the dominant sources of PM2s formation in Beijing, Tianjin, and Baoding,
while HTRA was the major source in Shijiazhuang. In all of the four cities, vertical
transport served as the major PMas sink throughout the episodes, with differences in
vertical rates between the episodes in each city. The pollution levels in the four cities were
greatly and positively influenced by the PBLH, as the episode with the lowest PBLH had
the highest PM25s concentration in a city. This study reveals the various atmospheric
processes and meteorological factors governing the PM.s formation during the severe
pollution episodes in the BTH region, as well as the changes in the individual atmospheric
processes and PM2s concentrations due to the lockdown measures, and shows that the

existing emissions control strategies could not prevent pollution episodes in the region,
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especially during the winter period. Since it is not possible to control the aerosol and
transport processes, only further changes in emissions will reduce the severity of the
episodes. Thus, better forecasting of the conditions that would foment such episodes
combined with more effective emissions control strategies are urgently required to be able

to mitigate such future severe pollution episodes in the BTH region.
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Text S1. Materials and methods

To evaluate the effects of the reduction in anthropogenic emissions sectors on air
quality, two scenarios were simulated for comparison (Table S2). For the base case
scenario (Case 1), the original anthropogenic emission inventory of the Multi-resolution
Emission Inventory for China based on year 2016 (MEIC16) was used. In scenario 2 (Case
2), the industrial, transportation, and power emissions sectors were scaled with a factor of
0.80 (20% reduction), 0.20 (80% reduction), and 0.90 (10% reduction), respectively. The
transportation sector was greatly reduced (80%) as both public and private transport
systems except those rendering essential services (such as security operatives and hospital
vehicles) were shut down nationwide during the lockdown period. The industrial sector
was only reduced by 20% as industries producing essential items (such as food, toiletries,
face mask, drugs, and so on) were allowed to operate (though not at full scale) during the
lockdown period. The emissions from power plants were reduced by 10% in Case 2 due to
the closure of offices, schools, restaurants, business centers, non-essential industries,
shopping malls, and other public outlets that were also consumers of electricity aside the
residential usage. In addition, since the lockdown period coincided with the winter period,
the demand for and consumption of power for home heating as well as lighting became
highly necessary, hence, no substantive reduction (>10%) in power sector could be justified
during the lockdown. The emissions from residential sector were held constant in Case 2
(similar to Casel) since people were mandated to stay at home as a physical way of
curtailing the spread of the pandemic. In the absence of official emission inventory during
the lockdown, the emission scaling factors used in this study followed the suggestions by

the Chinese Research Academy of Environmental Sciences (CRAES 2020) regarding the



status of emission inventory in China during the lockdown and were also consistent with

those of Sulaymon et al. (2021a) and Wang et al. (2020).

Text S2. Diel variations of atmospheric processes contributing to PMzs at the surface

layer

The diel variations for the contributions of individual atmospheric processes to the
formation of PM2s and the hourly variations of PM2s concentrations at the surface layer
for the two cases are presented in Fig. S4. Considering Case 2, the positive contributions
of EMIS process exhibited two slight increasing trends during 05:00 local time (LT) to
07:00 LT and 15:00-20:00 LT in BTH, Beijing, Shijiazhuang, and Baoding, while it only
showed a small increasing trend in Tianjin during 15:00-20:00 LT. EMIS process displayed
a bimodal feature in BTH, Beijing, Shijiazhuang, and Baoding at 07:00 LT and 20:00 LT.
Also, the positive contributions due to AERO process showed two increasing trends in
BTH (04:00-08:00 LT and 15:00-20:00 LT), Beijing (04:00-07:00 LT and 15:00-19:00 LT),
Tianjin (04:00-07:00 LT and 16:00-20:00 LT), Shijiazhuang (04:00-08:00 LT and 15:00-
20:00 LT), and Baoding (03:00-07:00 LT and 15:00-20:00 LT). AERO process exhibited
two peaks in Tianjin and Baoding (07:00 LT and 20:00 LT), BTH and Shijiazhuang (08:00
LT and 20:00 LT), and Beijing (07:00 LT and 19:00 LT). The first peak of PMas
concentration occurred at 07:00 LT (in Beijing and Tianjin) and 08:00 LT (in BTH region,
Shijiazhuang, and Baoding). During the first periods of increasing trends of EMIS and
AERO in Beijing and Tianjin, both HTRA and VTRA were the major sinks, resulting into
vertical and horizontal exports of PM2 s in the two cities. Contrarily, in BTH, Shijiazhuang,

and Baoding, HTRA, just like EMIS and AERO, also contributed positively to the net



PM2s, especially during the nighttime and early hours of the day, while VTRA served as
the predominant sink, resulting into horizontal import and vertical export of PM2. During
the nighttime and early hours of the day, the contributions of HTRA were the dominant
PMzs import in Shijiazhuang, with the two peaks occurring at 00:00 LT and 21:00 LT.
However, HTRA changed from positive to negative in BTH (11:00-15:00 LT),
Shijiazhuang (10:00-17:00 LT), and Baoding (09:00-16:00 LT) and acted as another sink.
It is worthy to note that during 13:00-1600 LT and 14:00-1500 LT in Shijiazhuang and
Baoding, respectively, the contributions of VTRA became positive, resulting into vertical
import and horizontal export of PM2s. The positive effects of EMIS (07:00-15:00 LT in
Beijing; 07:00-11:00 LT in Shijiazhuang, Baoding, and BTH) and AERO (07:00-14:00 LT
in Beijing; 08:00-12:00 LT in Shijiazhuang; 07:00-15:00 LT in Baoding; and 08:00-15:00
LT in BTH) became weakened and their contributions decreased during the periods.
Therefore, the net effects of these positive processes (EMIS and AERO) were insufficient
to offset the continuous negative effects of VTRA on PM2s concentrations, leading to
downward trends in PM2 s across the study areas during the periods. It should also be noted
that the HTRA effects changed from negative to positive in BTH (16:00-23:00 LT), Beijing
(18:00-22:00 LT), Tianjin (15:00-20:00 LT), Shijiazhuang (18:00-23:00 LT), and Baoding
(17:00-23:00 LT) and served as another contributor to the net PM2s. As a result of the
positive contributions of the EMIS, AERO, and HTRA processes during the nighttime, the
already flattened PM2 s levels began to rise again, and the second PM2s peak occurred at
21:00 LT (in BTH, Beijing, Tianjin, and Shijiazhuang) and 22:00 LT in Baoding. Generally,
the EMIS process was the vital source of hourly PM2s concentrations at the surface, with

the highest contributions in BTH region (25.3 pg/m?h in daytime; 34.4 ug/m%h in



nighttime), Beijing (43.6 ng/m3h in daytime; 55.7 ug/m3h in nighttime), Tianjin (53.2
ng/mé/h in daytime; 76.2 pg/m%h in nighttime), and Baoding (36.9 pug/m%/h in daytime;
48.4 pg/m?h in nighttime), while HTRA was the dominant source in Shijiazhuang (37.4
ng/mé/h in daytime; 48.4 pg/m°/h in nighttime). Contrarily, PM2s was substantially
removed from the surface layer and transported to the upper layers through the VTRA
process, especially during nighttime, with the maximum removal rates of 67.4 pg/m3h
(21:00 LT), 89.7 ug/m3h (20:00 LT), 94.4 ng/m3h (20:00 LT), 85.6 ug/mh (21:00 LT),
and 94.7 pg/m3/h (21:00 LT) in BTH region, Beijing, Tianjin, Shijiazhuang, and Baoding,
respectively. DDEP and CHEM processes had slight contributions and served as the sink
and source of PMzs, respectively. It is worthy to note that the trends of the atmospheric
processes and PM2 s in Case 1 were similar to in Case 2 in each of the study areas, however,
the contributions of the individual processes to the net PM.s and the resultant magnitudes
of PM2s changes were higher in Case 1 than Case 2. This was due to the effects of

emissions reductions implemented in Case 2.
Text S3. Diel variations of atmospheric processes contributing to PMzs in the PBL

As illustrated in Fig. S5, the trends of hourly contributions of individual
atmospheric processes to the formation of PM.s as well as the diel distributions of PM2s
concentrations in the PBL were similar to that of surface layer except that the magnitudes
were low in PBL relative to the surface layer. Similar to the surface layer, the EMIS process
was the major source of PM2s concentrations in the PBL, with the maximum contributions
in BTH region (14.9 png/m*/h in daytime; 14.7 ug/m3h in nighttime), Beijing (19.6 ug/m3/h
in daytime; 19.1 pg/m3h in nighttime), Tianjin (27.1 pg/m®h in daytime; 29.6 pg/m/h in

nighttime), and Baoding (32.4 ug/m*h in daytime; 26.9 pg/m3h in nighttime), while



HTRA was the dominant PM_s import in Shijiazhuang (30.2 pg/m®h in daytime; 41.0
ng/m/h in nighttime). Vertical transport (VTRA) was the major PM2s removal pathway
during most hours of the day except for some hours during the daytime, with the highest
removal rates of 32.6 ng/m?h, 33.2 ug/mé/h, 30.8 ng/m3/h, 55.1 pg/m3/h, and 60.1 pg/m3h
in BTH region, Beijing, Tianjin, Shijiazhuang, and Baoding, respectively. Contrary to the
surface layer, whose highest VTRA removal rates occurred at the nighttime in all of the
study areas, the highest VTRA removal rates in Tianjin and BTH region occurred at 08:00
LT, while that of Baoding occurred at 07:00 LT. Although, the positive contributions of
EMIS, AERO, and HTRA pathways to PM2.s formation were low in the PBL relative to
the surface layer, however, high PM2s concentrations were still obtained across the study
areas. This could be primarily explained by the low VTRA exports from the PBL compared

to the surface layer, resulting to the accumulation of PM. s within the PBL.



Table S1. The major physics options and the schemes used in the WRF model.

Physics option

Scheme

Microphysics

Shortwave radiation
Longwave radiation
Surface layer

Land surface

Planetary boundary layer
Cumulus parameterization

Thompson scheme

RRTMG scheme

RRTMG scheme

Revised MM5 Monin-Obukhov scheme
Unified Noah land-surface scheme
YSU scheme

Grell-Freitas ensemble scheme

Table S2. Emission scaling factors and the configuration of simulation scenarios

Source sectors Case 1 Case 2
Residential No changes No changes
Industry No changes 20% reduction
Transportation No changes 80% reduction
Power No changes 10% reduction
Agriculture No changes No changes




Table S3. Model performance of meteorological factors during the COVID-19 lockdown (OBS: observed mean; PRE: predicted mean;
MB: mean bias; ME: mean error; RMSE: root mean square error). The values that do not meet the criteria are highlighted in bold.

BTH Beijing Tianjin Shijiazhuang  Baoding Benchmark?®
T2 (K) OBS 274.2 273.7 275.1 277.0 274.9
PRE 274.6 275.9 275.6 277.6 276.2
MB 0.4 2.2 0.5 0.6 1.3 <+0.5
ME 1.7 2.3 1.1 1.3 1.9 <2.0
RMSE 2.1 2.7 1.4 1.6 2.2
RH (%) OBS 63.9 63.7 67.5 65.9 68.4
PRE 475 41.1 49.1 429 44.0
MB -16.4 -22.5 -18.4 -23.0 -24.4
ME 18.2 22.5 18.4 23.0 24.4
RMSE 20.6 24.7 20.3 24.1 26.4
WS (m/s) OBS 2.2 2.3 2.3 2.2 1.8
PRE 2.7 2.4 2.7 2.9 2.3
MB 0.5 0.2 0.4 0.7 0.5 <+0.5
ME 0.9 0.6 0.6 0.8 0.7 <2.0
RMSE 1.2 0.7 0.8 1.1 0.9 <2.0
WD (9 OBS 181.6 172.6 195.4 190.7 130.3
PRE 172.0 151.7 166.7 192.9 129.5
MB -9.6 -20.9 -28.7 2.3 -0.8 <+10
ME 70.5 78.4 45.2 101.5 50.0 <£30
RMSE 96.9 108.8 69.7 119.8 80.3

a. The benchmarks used were suggested by Emery et al. (2001).



Table S4. Model performance of PM2s during the COVID-19 lockdown for the two cases (OBS: observed average; PRE: predicted
average; MFB: mean fractional bias; MFE: mean fractional error; MNB: mean normalized bias; MNE: mean normalized error). The
performance criteria for PM2 s were suggested by Boylan and Russell (2006).

BTH Beijing Tianjin Shijiazhuang  Baoding Benchmark
Case 1
PM2s (g/m®)  OBS 73.40 75.13 75.81 08.87 106.85
PRE 74.75 81.35 93.14 86.04 102.87
MFB 0.10 0.31 0.41 -0.05 -0.19 <+0.60
MFE 0.50 0.51 0.51 0.40 0.50 <0.75
MNB 0.41 0.77 0.91 0.08 0.55
MNE 0.70 0.94 0.99 0.43 0.79
Case 2
PM2s (Lg/m®)  OBS 73.40 75.13 75.81 98.87 106.85
PRE 68.99 72.53 83.98 79.20 96.42
MFB -0.03 -0.20 0.32 -0.13 -0.13 <+0.60
MFE 0.49 0.50 0.48 0.41 0.49 <0.75
MNB 0.30 0.56 0.72 -0.01 0.43

MNE 0.64 0.80 0.85 0.41 0.72




Table S5. Averaged predicted PM2 s concentrations of the three pollution episodes (EPs) for Case 2 during COVID-19 lockdown in the
BTH region.

Pollution Episodes EP1 EP2 EP3
City PM2s (ug/m°) PM2s (ug/m®) PM2s (ug/m®)
Beijing 82.8 100.5 77.9
Tianjin 91.7 129.7 92.2
Shijiazhuang 125.1 83.2 66.6
Baoding 133.4 120.4 944
Cangzhou 75.0 92.8 79.1
Tangshan 103.6 138.8 98.2
Langfang 85.4 124.6 945
Handan 103.6 84.2 68.8
Hengshui 88.6 88.9 82.8

Xingtai 91.7 80.0 60.1




Table S6. Maximum hourly PM2s concentrations of the three pollution episodes (EPs) for Case 2 during COVID-19 lockdown in the
BTH region.

Pollution Episodes EP1 EP2 EP3
City PM2s (ug/m°) PM2s (ug/m°) PM2s (ug/m°)
Beijing 175.8 200.8 179.0
Tianjin 207.9 233.6 193.6
Shijiazhuang 2355 222.7 132.0
Baoding 333.1 258.0 187.1
Cangzhou 165.8 178.4 168.0
Tangshan 308.0 308.8 279.1
Langfang 191.6 285.4 211.9
Handan 219.2 165.4 132.4
Hengshui 227.4 163.8 178.4
Xingtai 183.8 186.4 114.1

Table S7. Averaged predicted PBLH and wind speed during the three pollution episodes (EPs) in the four cities.

PBLH (m) Wind Speed (m)
City EP1 EP2 EP3 EP1 EP2 EP3
Beijing 356.9 255.1 636.5 1.69 1.61 2.33
Tianjin 366.9 262.2 471.7 1.84 1.76 2.42
Shijiazhuang 294.2 341.1 650.6 1.87 2.96 3.63

Baoding 286.9 238.5 517.1 1.79 1.67 2.87




Domain 1: 36 km /

1-Beijing
2-Tianjin
3-Shijiazhuang
4-Baoding
5-Tangshan
6-Qinhuangdao
7-Handan
8-Xingtai
9-Zhangjiakou
10-Chengde
11-Langfang
12-Hengshui
13-Cangzhou

N

Figure S1. The simulation domains used in this study (left) and the Beijing-Tianjin-Hebei (BTH) region (right). The representative
cities were numbered 1-4.
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Figure S2. Contributions of the individual processes to the concentrations of PM2s in the planetary boundary layer (PBL) in Cases 1
and 2 during the lockdown period. Abbreviations used in this figure are the same as in Fig. 1.
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Figure S3. Hourly PM25 change rates due to individual atmospheric processes for layers 1-10 (a-e) and evolution of hourly PM2s
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lockdown period. Abbreviations used in this figure are the same as in Fig. 1.
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Figure S6. Spatial distributions of predicted PM2s during lockdown (a) Casel and (b)
Case2 in the BTH region. Units are pg/m?.
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Figure S7. Contributions of the individual processes to the concentrations of PM2s (Case 2) in the PBL during the three pollution
episodes in the four representative cities. Abbreviations used in this figure are the same as in Fig. 1.
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Figure S8. Hourly PM: s change rates (Case 2) due to individual atmospheric processes for layers 1-10 (a-c) and evolution of hourly
PM2 s vertical profiles (d-f) during the three pollution episodes in Beijing. Abbreviations used in this figure are the same as in Fig. 1.
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Figure S9. Hourly PM_ s change rates (Case 2) due to individual atmospheric processes for layers 1-10 (a-c) and evolution of hourly

PM: s vertical profiles (d-f) during the three pollution episodes in Shijiazhuang. Abbreviations used in this figure are the same as in
Fig. 1.
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Figure S10. Hourly PM2 s change rates (Case 2) due to individual atmospheric processes for layers 1-10 (a-c) and evolution of hourly
PM2 s vertical profiles (d-f) during the three pollution episodes in Baoding. Abbreviations used in this figure are the same as in Fig. 1.
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Figure S12. Diel variations of contributions of individual processes to PM2 s formation (Case 2) in the PBL during the three pollution
episodes in the four representative cities. Abbreviations used in this figure are the same as in Fig. 1.
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