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• The aging processes decreased near-
surface BC concentration by 0.7 μg m−3

in BTH.
• The aging processes increased the BC
particle size in BTH.

• The aging processes of BC further
inhibited the development of PBL.

• The aging processes of BC increased
near-surface PM2.5 concentration in
BTH.

• The aging processes of BC decreased
near-surface O3 concentration by 2.2
ppbv in BTH.
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Black carbon (BC) can mitigate or worsen air pollution by perturbing meteorological conditions. BC aging pro-
cesses strongly influence the evolution of the particle size, concentration, and optical properties of BC, which de-
termine its influence on meteorology. Here, we use the online coupled Weather Research and Forecasting-
Chemistry (WRF-Chem) model to quantify the role of BC aging processes, including physical processes (PP)
and absorption enhancement (AE), in causing BC-inducedmeteorological changes and their associated feedbacks
to PM2.5 (particulatematter less than 2.5 μm indiameter) andO3 concentrations during a severe haze event in the
Beijing-Tianjin-Hebei (BTH) region during 21–27 February 2014. Our results show that, compared to those from
the simulation without PP, the simulated near-surface BC concentration and BC mass loading in the BTH region
decreased by 6.6% and 12.1%, respectively, when PPwere included. PP increased the proportion of large BC (par-
ticle diameter greater than 0.312 μm) below 1000m from 28 to 33% to 59–64% in the BTH region.When both PP
and AE were included in the simulation, the reduction in PBL height due to the BC-PBL interaction was 116.3 m
(20.7%), compared to reductions of 75.7 m (13.5%) without AE and 66.6 m (11.9%) without PP and AE. However,
during this haze event, anomalous northeasterly windswere produced by the direct radiative effect of BC, which
further affected aerosol mixing and transport. Due to their combined impacts onmultiplemeteorological factors,
the direct radiative effects of BC without PP and AE, without AE, and with PP and AE increased the surface con-
centrations of PM2.5 by 8.3 μg m−3 (by 6.1% relative to the mean value), 6.1 μg m−3 (4.5%) and 9.6 μg m−3

(7.0%), respectively, but decreased the surface O3 concentrations by 2.8 ppbv (7.4%), 4.0 ppbv (9.0%) and 5.0
ppbv (10.8%) on average in the BTH region during 21–27 February 2014.
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1. Introduction

Black carbon (BC), an important component of atmospheric aero-
sols, is emitted mainly from the incomplete combustion of fossil fuels,
biofuels, or biomass. BC particles can strongly absorb solar radiation in
the atmosphere, which changes the Earth's radiation balance (Bond
et al., 2013; Yang et al., 2017, 2019). They can also affect atmospheric
visibility and human health (Ji et al., 2017). BC has been found to play
an important role in aerosol-meteorology interactions during haze
events. Ding et al. (2016) examined the interactions between BC and
the planetary boundary layer (PBL) during heavy haze days (i.e., days
with a maximum PM2.5 concentration over 200 μg m−3) in megacities
in China inDecember 2013 using theWeather Research and Forecasting
model coupled with Chemistry (WRF-Chem). They found that the air
temperature at 300–1200mwas increased by 1–1.5 °C at approximately
4:00 pm local timedue to the presence of BC,which favoured the forma-
tion of an inversion layer and caused a drop in PBL height by approxi-
mately 160 m (36%). In addition to its impact on the PBL, researchers
have also found that BC changes the land-sea thermal contrast and in-
duces circulation anomalies during periods of heavy pollution (Gao
et al., 2016; Qiu et al., 2017; Lou et al., 2019; Q. Ding et al., 2019). Q.
Ding et al. (2019) showed that the direct radiative forcing of BC could
cause a cooling effect on surface air temperature over land andwarming
over sea due to the sea surface being more capable of storing heat than
the land and hence enhance advection between land and sea in the
Yangtze River Delta region during a haze event in December 2013.

BC can affect the concentration of atmospheric pollutants by chang-
ingmeteorological conditions (e.g., temperature, PBL height and wind),
especially during heavy pollution events (Forkel et al., 2011; Gao et al.,
2018; Huang et al., 2018). Gao et al. (2016) reported that PM2.5 concen-
trations increased by approximately 14.4 μg m−3 in Shijiazhuang but
decreased in the areas south of Beijing due to radiative feedback from
BC in WRF-Chem. Qiu et al. (2017) found that in their WRF-Chem sim-
ulation, BC shortwave radiative forcing at the surface was
−18.0 W m−2, and the concentration of PM2.5 increased by
2.1 μg m−3 (1.0%) on average over the North China Plain (NCP) due to
the direct radiative effect of BC in a haze event during 21–27 February
2014. Additionally, using WRF-Chem, Gao et al. (2018) found that the
surface-layer ozone decreased by up to 16.4 ppb at 12:00 pm in Nanjing
due to the direct radiative effect of BC, which inhibited the development
of PBL and thus reduced O3 transport from high altitudes to the surface.

Upon emission, fresh BC particles are small. They then start to grow
through coagulation, condensation and mixing processes (Moteki et al.,
2007; Laborde et al., 2013; Watson-Parris et al., 2019). These processes
are referred to as the aging of BC. Previous observational studies in
China have reported that BC aging has a large influence on its particle
size and optical properties, which further enhances the impact of BC on
meteorological conditions (Peng et al., 2016; Wu et al., 2016; Q. Ding
et al., 2019). Laboratory experiments and theoretical computation have
shown that a thick coating of weakly absorbing species can significantly
enhance the absorption efficiency of BC above that of uncoated BC
through refraction and internal reflections (Fuller et al., 1999; Schnaiter
et al., 2005; Bond et al., 2016). The coating acts as a lens that amplifies
the absorption of BC, which is called the “lensing effect”. The BC light ab-
sorption enhancements depend on the size and mixing state of the BC-
containing particles and the thickness of the coating (Q. Wang et al.,
2014; Wu et al., 2016; Liu et al., 2017). Wu et al. (2016) measured the
light absorption coefficients of BC with a ground-based single-particle
soot photometer (SP2) and showed that the average values of light ab-
sorption coefficients were 8.2 ± 5.2 Mm−1 in non-hazy periods and
33.1± 20.2Mm−1 in hazy periods in urban Beijing during the extremely
polluted winter of 2013; these values were explained by the increase in
the thickly coated number fraction of BC. Based on data from a novel
quasi-atmospheric aerosol evolution study (QUALITY) chamber, Peng
et al. (2016) noted that after BC particles had been in the atmosphere in
Beijing for 2.3 h, they were completely aged, and the light absorption of
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the BC particles was enhanced by 2.4 times. Other previous studies also
reported that BC light absorption was increased by a factor of 1.1–3.2
due to the aging processes (Jacobson, 2001; Cappa et al., 2012; Xie et al.,
2019). S. Ding et al. (2019) observed that the BC coremassmedian diam-
eter (MMD) increased with increasing BC mass concentration in both
continental Europe and Beijing to MMD = 0.15–0.21 μm when the BC
concentration was less than 0.4 μg m−3 and MMD = 0.16–0.23 μm
when the BC concentrationwas over 1 μgm−3. They concluded that coag-
ulation processes played an important role under conditions of high BC
mass loadings.

BC aging has also been extensively investigated in modelling studies
(Liu et al., 2016; Matsui, 2016a; Matsui, 2016b; Chen et al., 2017;
Matsui et al., 2018; Zhang et al., 2019). The aging timescale in themodels
is defined as the time required for BC particles to transform from their
freshly emitted hydrophobic state to a hydrophilic state, which has been
reported to be 0.19–3.1 days (Lohmann et al., 1999; Liu et al., 2008).
Chen et al. (2017) calculated the BC aging time by tracking themass con-
centrations of soluble species that formed coatings on BC; using the
Nested Air Quality Prediction Modelling System with Advanced Particle
Microphysics (NAQPMS+APM), they showed that the aging time of BC
was shorter than 2 h during the day and more than 2 days at night in a
polluted atmosphere because the hydrophilic fraction of the BC coating
was much larger during the day than at night. Zhang et al. (2019) used
an aging-resolved model with externally mixed aerosols to track the
aging timeof elemental carbon (EC) emitted in southeastern Texas during
24–31August 2000 and calculated the optical properties of EC at different
aging stages and sizes. They found that there was a 35% difference in the
extinction coefficient of aerosols caused by their new EC aging-resolved
treatment. Matsui et al. (2018) used an aerosol bin module to simulate
BC aging with the Community Atmosphere Model version 5 (CAM5),
which considers condensation and coagulation processes for BC aging,
to quantify the range of the direct radiative effects of present-day BC
that are related to the aging processes. They reported that the global BC
direct radiative effect was amplified by 5–7 times (0.18–0.42 W m−2)
with a multiple BC mixing state compared to that obtained with a single
BC mixing state within the same model framework.

Asmentioned above, althoughmany previous studies have confirmed
the impact of BC onpollutants and tracked the aging timeof BCunder var-
ious meteorological and pollution conditions, the direct radiative effects
of BC with and without aging processes on meteorological parameters
and atmospheric pollutants have rarely been discussed in the existing lit-
erature. Considering the high relative humidity, low wind speed and rel-
atively high emissions in China, which are conducive to the rapid
accumulation and aging processes of BC particles (Zhang et al., 2015;
Peng et al., 2016; Wu et al., 2016), it is important to examine the role of
BC aging during heavy pollution events under these conditions.

Beijing, the capital city of China, has reportedmany severe haze events
in recent decades (Gao et al., 2015;Wang et al., 2015; Ji et al., 2018). Pre-
vious studies have reported that PM2.5 andBC are relatively high inBeijing
in February (Ji et al., 2017). In this study, we use the online regional
chemistry-climate coupled model WRF-Chem to systematically examine
the impact of BC with and without aging by physical processes (PP) and
absorption enhancement (AE) on meteorological factors and pollutants
in the Beijing-Tianjin-Hebei (BTH) region during a severe haze event dur-
ing 21–27 February 2014. During this haze event, the observed average
concentrations of PM2.5 and BC in Beijing were as high as 224.8 μg m−3

and 9.7 μg m−3, respectively. We pay special attention to (1) how the
mass concentration and particle size of BC change due to physical BC
aging processes in the BTH region during the haze event and (2) differ-
ences in the direct radiative effects of BC with and without PP/AE.

The descriptions of the WRF-Chem model, methods, observational
data sets and numerical experiments are presented in Section 2.
Section 3 evaluates theWRF-Chem simulatedmeteorological conditions
and pollutants by comparing them with observational data. Section 4
describes the changes in BC concentrations and particle size due to dif-
ferent physical processes during the severe haze event, and Section 5



Table 1
Sensitivity experiments. Y indicates “yes”, and N indicates “no”. The numbers indicate the
amplification factors of the BC light absorption coefficient.

Sensitivity case BC direct
radiative effect

BC physical aging
processes

BC absorption coefficient
amplification

CTRL Y Y N
NoBCrad N Y N
NoBCaging Y N N
NoBCaging&rad N N N
CTRL_1.5ab Y Y 1.5
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discusses aerosol-meteorology interactions in the BTH region. The con-
clusions of this study are given in Section 6.

2. Model and observations

2.1. Model configurations

The WRF-Chem model version 3.7.1 with aerosol-radiation interac-
tions (Chapman et al., 2009) was used to simulate a severe winter haze
event in BTH. The WRF-Chem model adopted the Lambert projection
and two nested domains with grid resolutions of 30 km (d01) and
10 km (d02). The number of vertical layers was 29, and the barometric
pressure was up to 50 hPa. The horizontal grids were 100 × 100 (d01)
and 58 × 76 (d02). The outer domain (d01) covered most of China with
a central longitude and latitude of 108°E and 34°N, respectively, and the
inner domain (d02) covered the BTH region and northeast Shandong
Province (Fig. S1). The parameterization schemes of the physical and
chemical processes of the WRF-Chem model selected in this study are
shown in Table S1. The initial and boundary conditions of the model me-
teorological fields are derived from global reanalysis data (1° × 1°) from
NCEP (National Center for Environmental Prediction). Simulation results
fromMOZART-4 (Model for Ozone And Related chemical Tracers-4) pro-
vided the initial and lateral boundary conditions for chemical substances
(Emmons et al., 2010). In the WRF-Chem model, BC and other aerosols
are assumed to be internal mixture and are divided into 8 bins by particle
size (i.e., 0.039–0.078 μm (bin 1), 0.078–0.156 μm (bin 2),
0.156–0.312 μm (bin 3), 0.312–0.625 μm (bin 4), 0.625–1.25 μm (bin 5),
1.25–2.5 μm (bin 6), 2.5–5.0 μm (bin 7) and 5.0–10 μm (bin 8)). The
volume-mean mixing method is used in the model to calculate the bulk
optical properties of aerosols (Stelson, 1990; Barnard et al., 2010).

2.2. Emission inventories

The anthropogenic emissions in 2014 were obtained from the
Multiresolution Emission Inventory for China (MEIC) database (http://
www.meicmodel.org/, last access: 22 April 2020). The aerosol and pre-
cursor emissions included sulfur dioxide (SO2), nitrogen oxides
(NOX), carbon monoxide (CO), non-methane volatile organic com-
pounds (NMVOC), ammonia (NH3), BC, organic carbon (OC), PM2.5,
PM10 and carbon dioxide (CO2), which were categorized into the ag-
riculture, industry, residence, transport and power-generation sec-
tors (Li et al., 2017). The biogenic emission sources, including
isoprene, terpene and other substances emitted by plants, were ob-
tained fromMEGANv2.04 (Model of Emissions of Gases and Aerosols
from Nature v2.04) (Guenther et al., 2006). Biomass burning emis-
sions were obtained from the Fire Inventory from NCAR (FINN)
datasets (Wiedinmyer et al., 2011).

2.3. Numerical experiments and methodology

To quantify the aging processes of BC and examine the direct ra-
diative effects of BC associated with its aging through physical pro-
cesses and absorption enhancement on meteorological conditions
and atmospheric pollutants during a haze event in the BTH region,
we conducted the following sensitivity experiments, which are sum-
marized in Table 1.

1. CTRL: The control simulation included all BC aerosol radiative effects
and BC aging through physical processes but no BC absorption
enhancement.

2. NoBCrad: The same as the CTRL simulation, except that the direct ra-
diative effects of BC were turned off.

3. NoBCaging: The same as the CTRL simulation, except that BC aging
through physical processes was turned off. BC particles did not age
through the coagulation process and did not grow by the transfer
of BC mass between different size bins.
3

4. NoBCaging&rad: The same as the CTRL simulation, except that both
the direct radiative effect and aging physical processes of BC were
turned off.

5. CTRL_1.5ab: The same as the CTRL simulation, except that the BC ab-
sorption coefficient was amplified by a factor of 1.5.
The direct radiative effect of BC was turned off in the NoBCrad sim-

ulation by setting the BC mass concentration to zero when calculating
the optical properties of BC as described in Qiu et al. (2017) and Gao
et al. (2018). BC aging through physical processes of BC was turned off
by skipping the BC coagulation process and the BCmass transfer process
between different size bins. One new variable was allocated to store the
BC mass before passing to the coagulation and mass transfer subrou-
tines in WRF-Chem, and this variable was used to overwrite the BC
mass updated by these subroutines. This method ensured that the BC
mass would not be changed by these two processes. During periods of
heavy pollution, BC is often coatedwith inorganic and organic materials
through coagulation, heterogeneous phase reaction and condensation
processes (Moteki et al., 2007; Laborde et al., 2013). Theoretically, the
light absorption properties of BC can be enhanced by a factor of
1.0– 2.4 by the coating, which acts as a lens (Jacobson, 2001; Cappa
et al., 2012; Q. Wang et al., 2014; Peng et al., 2016). To better simulate
the direct radiative effect of BC during this heavy pollution event in
the BTH region, we enlarged the absorption coefficient of BC by a factor
of 1.5 in CTRL_1.5ab. The AE used in this study was based on previously
measured AE values over the BTH region, as summarized in Table 2. In
some current climate models, AE is also assumed to be a constant
value of approximately 1.5 (Flanner et al., 2007; Bond et al., 2013; Q.
Q. Wang et al., 2014).

To avoid the direct radiative feedback from BC, we used NoBCrad
and NoBCaging&rad to examine the effects of physical BC aging pro-
cesses on the mass concentration and particle size distribution of BC.
The difference in the model results between NoBCaging and
NoBCaging&rad (NoBCaging minus NoBCaging&rad) represents the di-
rect radiative effect of BC without PP and AE. The difference between
CTRL and NoBCaging&rad (CTRL minus NoBCaging&rad) represents
the direct radiative effect of BC with PP but without AE. The direct radi-
ative effect of BC with both PP and AE is quantified as the difference be-
tween CTRL_1.5ab and NoBCaging&rad (CTRL_1.5ab minus
NoBCaging&rad). For all simulations, the model was first spun up for
64 h followed by the analysed time period. We used local time in this
study unless stated otherwise.

In this study, we applied integrated process rate (IPR) analysis to
quantify the changes in O3 caused by the radiative impact of BCwithout
PP and AE, without AE, andwith PP andAE. The IPR analysis in theWRF-
Chem model characterizes O3 with five different processes, namely,
sub-grid convection (CONV), chemistry (CHEM), vertical mixing
(VMIX), horizontal advection (ADVH), and vertical advection (ADVZ).
CHEM represents O3 chemical production and loss. VMIX is affected by
atmospheric turbulence (Zhang and Rao, 1999; Gao et al., 2017).
ADVH and ADVZ are largely determined by horizontal and vertical O3

concentration gradients, respectively, and by winds (Gao et al., 2018;
Chen et al., 2019). IPR analysis has been widely applied to study the im-
pacts of physical/chemical processes on O3 pollution (Xing et al., 2017;
Tang et al., 2017; Gao et al., 2018).

http://www.meicmodel.org/
http://www.meicmodel.org/


Table 2
A summary of the measured absorption enhancements (AE) from previous studies.

Location Sampling period Measurement techniquea AE λ (nm)b Reference

Beijing, China August–October 2013 AMS, PAX 1.0–2.4 405, 532 Peng et al., 2016
Beijing, China 9–27 January 2013 SP2 1.22–1.24 870 Wu et al., 2016
Yucheng, China June–July 2014 EC/OC analyser 2.25 ± 0.55 678 Cui et al., 2016
Beijing, China November–December 2016, May–June 2017 SP2, SP-AMS 1.25–1.70 550 Liu et al., 2019
Beijing, China April and September 2018 SP2 1.1–1.9 550 S. Ding et al., 2019
Beijing, China 4 June-13 June 2017 SP-AMS, CAPS PMssa, SP2 1.59 ± 0.26 630 Xie et al., 2019
Beijing, China December 2016 SP2 1.3–1.7 550 Zhao et al., 2019
Beijing, China 25–27 November 2018 SP2 1.4–1.9 550 Zhao et al., 2020

a AMS: aerosol mass spectrometer; PAX: photoacoustic extinctiometer; SP2: single-particle soot photometer; SP-AMS: thermodenuder coupled with a soot particle aerosol mass
spectrometer; CAPS PMssa: cavity attenuated phase shift single scattering albedo monitor.

b λ means the wavelength light.
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2.4. Observation data

The hourly temperature at 2m (T2), relative humidity at 2 m (RH2),
wind speed at 10 m (WS10) and wind direction at 10 m (WD10) at 20
stations were obtained from NOAA's National Climatic Data Center
(http://gis.ncdc.noaa.gov/maps/ncei/cdo/hourly). The 3-hourly PBLH
observations for Beijing were obtained from the Global Data Assimila-
tion System (GDAS) (http://ready.arl.noaa.gov/READYamet.php). We
also employed vertical profiles of temperature (T) at 8:00 and 20:00
local time in Beijing obtained from the Department of Atmospheric Sci-
ence at the University of Wyoming (http://weather.uwyo.edu/). To
evaluate the performance of the model in simulating pollutants during
the haze event in the BTH region, hourly observed concentrations of
PM2.5 and O3 in 40 cities were collected from the China National Envi-
ronmental Monitoring Center (http://www.cnemc.cn). The hourly BC
concentrations were collected by the Tower Division of the Institute of
Atmospheric Physics, Chinese Academy of Sciences in Beijing using a
single-particle soot photometer (SP2) from 21 to 27 February 2014.
The aerosol optical depth (AOD) at 550 nmretrieved from theModerate
Resolution Imaging Spectroradiometer (MODIS, https://ladsweb.
Fig. 1. The black dots and red solid lines are the 3-hourly observed and hourly simulated data, r
(m s−1) andwinddirection (°) at 10m.Data are averaged over 20 stations in BTH from21 to 27
Beijing (39.93°N, 116.28°E). (For interpretation of the references to colour in this figure legend
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modaps.eosdis.nasa.gov/) of the Aqua and Terra satellites was used to
evaluate the performance ofWRF-Chem in simulating the optical prop-
erties of aerosols in this study.

3. Model evaluation

3.1. Evaluation of meteorological parameters

During the haze event, the western and northern parts of BTH were
dominated by westerly winds, while the southern part was dominated
by weak southerly and southwesterly winds associated with high pres-
sure to the east of BTH (Fig. S2). The southerly and southwesterly winds
transported pollutants from the southern NCP to the northern NCP and
caused aerosols and air pollutants to accumulate in central BTH. Fig. 1
shows the 3-hourly observational and simulated T2, RH2, WS10 and
WD10 averaged over 20 stations during 21–27 February 2014. The cor-
relation coefficient (R), mean bias (MB), normalized mean bias (NMB)
and mean fractional error (MFE) were calculated and are summarized
in Table 3. The temporal correlation coefficients between the simulated
and observed T2 and RH2were both greater than 0.9, while R decreased
espectively, for the temperature (°C) at 2 m, relative humidity (%) at 2 m, and wind speed
February 2014 except that the observed and simulated PBLH (m) data are only at the site in
, the reader is referred to the web version of this article.)

http://gis.ncdc.noaa.gov/maps/ncei/cdo/hourly
http://ready.arl.noaa.gov/READYamet.php
http://weather.uwyo.edu/
http://www.cnemc.cn
https://ladsweb.modaps.eosdis.nasa.gov/
https://ladsweb.modaps.eosdis.nasa.gov/


Table 3
Correlation coefficients (R),mean bias (MB), normalizedmean bias (NMB) andmean frac-
tional error (MFE) of the simulated temperature at 2 m (T2; °C), relative humidity at 2 m
(RH2; %), wind speed at 10m (WS;m s−1), wind direction at 10m (WD; °) and planetary
boundary layer height (PBLH; m) compared with the observations averaged over the 20
stations in BTH from 21 to 27 February 2014.

Variable n OBSa SIMa Rb MBc NMBd MFEe

T2 (K) 20 275.7 273.7 0.95 −2.1 −0.7 0.8
RH2 (%) 20 61.5 72.9 0.92 11.3 18.4 17.5
WS10 (m s−1) 20 3.3 3.1 0.70 −0.2 −7.3 21.0
WD (°) 20 159.9 188.4 0.57 28.4 17.8 21.8
PBLH (m) 1 348.7 343.0 0.83 −5.7 −1.6 43.7

a SIM and OBS represent the average simulation and observation values, respectively,
from 21 to 27 February 2014.

b R is the correlation coefficient calculated between the hourly observations and simula-
tions in Beijing from 21 to 27 February 2014, R ¼ ∑n

i¼1ððOBSi−OBSÞ�ðSIMi−SIMÞÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1
ðOBSi−OBSÞ2�∑n

i¼1ðSIMi−SIMÞ2
p ,

where
OBSi and SIMi are the hourly observed and simulated data and n is the total number of hours.

c MB ¼ 1
n �∑n

i¼1ðSIMi−OBSiÞ.

d NMB ¼ ∑n
i¼1ðSIMi−OBSiÞ
∑n

i¼1OBSi
� 100%.

e MFE ¼ 2
n �∑

n
i¼1

jSIMi−OBSi j
SIMiþOBSi

� 100%.
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to approximately 0.7 forWS10 and 0.6 forWD10. Themodel reasonably
captured the temporal variations in surface temperature, relative hu-
midity, wind speed and wind direction at the 20 stations. Compared
to the observations, the model slightly underestimated T2, with an MB
and NMB of −2.1 K and − 0.7%, respectively. During 21–27 February
2014, the observed mean RH2 exceeded 60%, and WS10 was less than
4 m s−1, which favoured the formation of secondary aerosols
(e.g., sulfate and nitrate) and the accumulation of pollutants in the
BTH region (Sun et al., 2006; Q. Wang et al., 2014). The RH2 values
were consistent between the simulations and observations, with abso-
lute biases (MB) of 18.4%. The model captured the observed low
WS10 value well, with an NMB and MFE of −7.3% and 21.8%, respec-
tively. The model simulation of the wind direction in the BTH region
had NMB and MFE values of −1.6% and 43.7%, respectively.

Due to the limited observational data for PBLH and vertical temper-
ature profiles in the BTH region, we were able to compare the observed
and simulated PBLH and temperature vertical profiles during 21–27
February 2014 only in Beijing city (40.0°N, 116.3°E). The model cap-
tured diurnal variations in PBLH with R and NMB values of 0.8 and
− 1.6%, respectively. Fig. S3 shows the observed and simulated temper-
ature profiles at 8 am and 8 pm in Beijing during 21–27 February 2014.
Temperature inversions below 1500mwere observed in Beijing, which
was unfavourable for the dispersion of pollutants. The model was able
to capture this temperature inversion during the haze event in Beijing.

3.2. Evaluation of atmospheric composition

Fig. S4 shows the horizontal distribution of the observed and simu-
lated daily mean concentrations of PM2.5, O3 and BC in central and east-
ern China (outer domain d01) averaged during 21–27 February 2014.
High concentrations of PM2.5 were observed in the BTH region, where
the O3 concentration was relatively low compared to that in the sur-
rounding regions. The maximum value of observed daily PM2.5,
498 μg m−3, occurred on February 25 in Tangshan (east of BTH); this
value far exceeded the air quality standard of 75 μg m−3 in China
(Wang et al., 2017). The model captured the spatial distributions of
the PM2.5 and O3 concentrations compared to the observed data with
spatial R values of 0.68 and 0.53, respectively. Note that some sites
were outside the inner domain of the NCP (d02) where the concentra-
tionswere affected by lateral boundary conditions, andmodelled values
over a grid cell can contribute to mismatch bias when comparing to site
observations (Chen et al., 2019). Due to the lack of observational BC
data, only the spatial distribution of the simulated BC mass concentra-
tion is analysed in Fig. S4c. The spatial distribution of the simulated BC
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concentration was similar to that of PM2.5, with high values in the BTH
region. Ji et al. (2017) reported that BC accounted for approximately
4.0% of the PM2.5 concentration during heavy pollution events in Beijing.
Fig. S3d–e shows scatterplots of the simulated versus observed daily
PM2.5 and O3 concentrations in the 40 cities marked in Fig. S4a–b. The
model slightly underestimated the concentrations of PM2.5, with an
NMB of −9.2%, while the model overestimated the O3 concentrations
at most of the sites, with an NMB of 13.5%. The model performed well
in simulating the spatial distributions of the PM2.5 and O3 concentra-
tions during 21–27 February in central eastern China.

We selected Beijing, Tianjin and three cities in Hebei Province (Shi-
jiazhuang, Zhangjiakou and Chengde) for evaluations of the simulated
time series of the PM2.5, O3, and BC concentrations against observations
during the haze event, as shown in Fig. 2. The corresponding statistical
metrics are summarized in Table 4. Themodel reproduced the temporal
variations in PM2.5 in the five cities during the haze event with correla-
tion coefficients (R) between the simulated and observed hourly con-
centrations of 0.83, 0.85, 0.68, 0.69 and 0.83 for Beijing, Tianjin,
Shijiazhuang, Zhangjiakou and Chengde, respectively. Compared to
the observations, the simulated concentrations of PM2.5 in Beijing, Shi-
jiazhuang and Zhangjiakou were underestimated by 25.9 μg m−3

(11.4%), 29.0 μg m−3 (9.7%) and 1.0 μg m−3 (0.4%), respectively, while
those in Tianjin and Chengde were overestimated by 23.0 μg m−3

(13.0%) and 0.3 μg m−3 (0.2%), respectively. The simulated and ob-
served concentrations of O3 both showed obvious diurnal variations in
the five cities, with the peak O3 concentrations occurring at noon. The
diurnal variations in O3 were mainly driven by the influence of photo-
chemical reactions, while PM2.5 was primarily affected by PBL height
and local emissions. The model overestimated the O3 concentrations
in five cities with MB (NMB) values of 2.7 ppbv (33.3%), 1.9 ppbv
(19.2%), 0.8 ppbv (8.0%), 2.8 ppbv (23.2%) and 0.9 ppbv (6.4%). In Bei-
jing, changes in BC over time from February 21–27werewell simulated,
with a correlation coefficient (R) of 0.83 between the simulated and ob-
served BC and an MB (NMB) of 3.9 μg m−3 (49.8%). The model
overestimated the mass concentration of BC, which is consistent with
Qiu et al. (2017).

3.3. Evaluation of aerosol optical depth

The aerosol optical depth (AOD) is a measure of column-
integrated aerosol loading that largely determines the direct radia-
tive effect of aerosols. In WRF-Chem, the optical properties of aero-
sols are calculated only at specific wavelengths (300 nm, 400 nm,
600 nm, and 1000 nm), whereas the observed AOD obtained from
the MODIS satellite is at 550 nm. To evaluate the performance of
the model in simulating AOD, we derived the simulated AOD at
550 nm using Eqs. (1) and (2) (Schuster et al., 2006). We first calcu-
lated the Angstrom coefficient (α) through Eq. (1), where AOD400

and AOD600 are the simulated AOD at wavelengths of 400 nm and
600 nm, respectively, and λ400 and λ600 are the 400 nm and
600 nm wavelengths, respectively. Then, the AOD at 550 nm was
calculated with Eq. (2). The observed AOD at 550 nm represents
the daily average for the satellite data.

α ¼
ln

AOD400

AOD600

ln
λ400

λ600

2
664

3
775 ð1Þ

AOD550 ¼ AOD400 � λ550

λ400

� �−α

ð2Þ

Fig. S5 shows the horizontal distribution of the simulated and ob-
served AOD in NCP during the haze event. The high-value centre of
AOD was located in the BTH region and corresponded to the area with
high PM2.5 concentrations (Fig. S4a). The model simulates the spatial



Fig. 2.Time series of simulated (red solid lines; CTRL simulation) and observed (black dots) hourlymass concentrations of PM2.5 (μgm−3), O3 (ppbv) andBC (μgm−3) infive cities (Beijing,
Tianjin, Shijiazhuang, Zhangjiakou and Chengde) during 21–27 February 2014. (For interpretation of the references to colour in this figure legend, the reader is referred to theweb version
of this article.)
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distribution of AOD in NCP well, with a spatial correlation coefficient of
0.91. However, in the heavily polluted area of the BTH region, AODwas
significantly underestimated by the model. The observed AOD value in
BTH was 2.16 during 21–27 February 2014, while the simulated value
was 1.03. Previous studies have shown that MODIS retrieval tends to
overestimate the AOD in severe pollution events in northern China (Li
et al., 2016). On the other hand, the internal mixing assumption, fixed
refractive indices, and lack of BC absorption enhancement in the WRF-
Chem model partly explain the low bias (Curci et al., 2014).

4. Changes in BC concentration and size due to aging physical
processes

To quantitatively characterize the aging physical processes of BC
during the heavy pollution event in the BTH region, the simulated con-
centrations of BC mass in the eight size bins were modelled with
NoBCrad and NoBCaging&rad and are shown in Fig. 3. These two sensi-
tivity experiments both removed the direct radiative effect of BC. The BC
concentrations with and without PP in all bins decreased with height in
the BTH region. Aging by PP did not change the vertical distribution of
the exponential decline in BC with height, but it did change the BC con-
centration in each bin. Near the surface, PP reduced the BC
Table 4
The correlation coefficient (R), mean bias (MB), mean absolute error (MAE), normalized
mean bias (NMB) andmean fractional error (MFE) of the simulated PM2.5, O3 and BC com-
pared with the observed data.

Variable n OBS SIM R MB NMB MFE

Beijing PM2.5 (μg m−3) 12 226.3 200.4 0.83 −25.9 −11.4 27.8
O3 (ppbv) 12 8.1 10.8 0.67 2.7 33.3 32.5
BC (μg m−3) 1 7.8 11.8 0.72 3.9 49.8 49.2

Tianjin PM2.5 (μg m−3) 10 176.7 199.7 0.85 23.0 13.0 19.3
O3 (ppbv) 10 10.0 12.0 0.68 1.9 19.2 40.3

Shijiazhuang PM2.5 (μg m−3) 8 298.2 269.2 0.68 −29.0 −9.7 34.2
O3 (ppbv) 8 9.5 10.2 0.72 0.8 8.0 39.2

Zhangjiakou PM2.5 (μg m−3) 4 233.3 232.3 0.69 −1.0 −0.4 35.1
O3 (ppbv) 4 12.3 15.1 0.63 2.8 23.2 45.1

Chengde PM2.5 (μg m−3) 8 190.1 190.5 0.83 0.3 0.2 22.7
O3 (ppbv) 8 14.4 15.4 0.62 0.9 6.4 47.4
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concentrations by 2.1 μg m−3 (84.9%), 0.7 μg m−3 (42.7%) and
0.2 μg m−3 (6.2%) in bin 1, bin 2 and bin 3, respectively, but increased
the BC concentrations by 1.6 μg m−3 (65.1%), 0.6 μg m−3 (75.6%) and
0.1 (47.9%) in bin 4, bin 5 and bins 6–8, respectively, averaged over
the BTH during 21–27 February 2014. The total concentration of near-
surface BC was reduced by 0.7 μg m−3 (6.6%) in the BTH region with
PP because the larger aged hydrophilic BC particles can be more effec-
tively removed by scavenging and sedimentation than the smaller par-
ticles. Fig. 3c shows that at different heights, the PP similarly reduced
the BC concentrations in the small particle size bins (bins 1, 2 and
3) but increased the concentrations in the larger size bins (bins 4, 5
and 6–8).

Fig. 3d–e illustrates the vertical profiles of the fractions of the BC
concentrations (with andwithout PP) in the individual size bins relative
to the corresponding total BC concentrations averaged over BTH during
21–27 February 2014. Previous studies have revealed that BC aging pro-
cesses can strongly affect BC particle size (Liu et al., 2014; Takahama
et al., 2014). In WRF-Chem, fresh BC particles are initially emitted into
the eight size bins by mass fractions of 14.5%, 8.9%, 26.4%, 32.53%, 10%,
7.5%, 0.4%, and 0%, respectively, from bin 1 to bin 8. In the BTH region,
when PP were not considered, the proportion of the BC concentration
in bin 3 was the largest below 1000 m, with a fraction range of
26.1–27.9%, followed by 23.8–26.9% in bin 1, 19.8–23.3% in bin 4 and
15.6–19.1% in bin 2. Bins 5–8 together accounted for 8.0–9.4%. However,
when PPwere considered, the proportion of the BC concentration in the
larger particle-size bins increased substantially below 1000 m; the pro-
portions in bin 4 and bins 5–8 increased to 41.2–44.7% and 17.3–19.4%,
respectively, while the proportions in bin 1 and bin 2 decreased from
23.8–26.9% and 15.6–19.1% to 1.4–3.8% and 7.3–9.5%, respectively.
When aging PP were turned off, the proportion of BC in the small
particle-size bins (1 and 2) gradually increased with height, and that
in the large particle-size bins (3–8) decreased as the height increased
(Fig. 3e). However, when aging PP were included, with the increase in
height, the proportions of BC in bin 4 and bin 5 increased first and
then decreased gradually and exhibited a peak at approximately
400 m. These results suggest that the impacts of PP on BC in the lower
boundary layer aremuch greater than the impacts of other physical pro-
cesses (e.g., dry deposition, wet removal, horizontal and vertical



Fig. 3. (a–c) Simulated vertical profiles of the BC mass concentrations (μg m−3) in NoBCrad (with PP) and in NoBCaging&rad (without PP) and their differences (NoBCrad –
NoBCaging&rad) in eight size bins averaged over BTH during 21–27 February 2014. (d–e) Vertical profiles of the mass fractions of the BC concentrations (μg m−3) within individual
size bins in NoBCrad and in NoBCaging&rad, respectively, for the corresponding total BC concentrations averaged over BTH during 21–27 February 2014.
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transportation). Although the total mass concentration of BC was re-
duced by the aging PP, the mass concentration of large BC was signifi-
cantly increased. Matsui et al. (2018) reported that the mass
absorption cross-section (MAC) of BC particles at a mass median diam-
eter of 0.2 μmwas the highest when themodel considered only a single
BC mixing state (internal mixing). When the BC light absorption en-
hancement due to the “lensing” effect was considered, the direct radia-
tive effect of BC on meteorological conditions and pollutants became
more complicated.

Fig. S6 compares the horizontal distribution of columnBCmass load-
ing between NoBCaging&rad and NoBCrad. High BC mass loading ap-
peared in the BTH region regardless of the aging PP. Averaged over
21–27 February 2014 in the BTH region, BC mass loading was
9.1 mg m−2 without PP and 8.0 mg m−2 with PP. The aging PP did not
change the spatial distribution of the BCmass loading,with a spatial cor-
relation coefficient of 0.99, but reduced the magnitude of the BC mass
loading over the entire BTH region. Fig. S6c shows the difference in
the spatial distribution of the BC mass loading between the simulations
with andwithout PP. The largest difference inmass loadingwas also ob-
served in the BTH region, with an average decrease of 1.1 mg m−2

(12.1%) compared to the results of NoBCaging&rad.

5. Direct radiative effects of BC without PP & AE, without AE and
with PP & AE on meteorological conditions and pollutants

In this section,we investigate the interactions betweenmeteorology
and BCwithout PP & AE, without AE andwith PP & AE by examining the
differences between NoBCaging and NoBCaging&rad, CTRL and
NoBCaging&rad, and CTRL_1.5ab and NoBCaging&rad, respectively.

5.1. Direct radiative effect of BC on meteorological conditions

BC can heat the ambient air by absorbing solar radiation,
redistributing energy in the vertical direction, and thus influencingme-
teorological fields. Fig. 4a–f shows the spatial distributions of changes in
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net radiative fluxes at the surface and at the top of the atmosphere
(TOA) due to the different models of BC in NCP averaged over the
heavy haze episode. The downward shortwave radiative flux at the sur-
face over the entire NCPwas reduced by−10.5Wm−2 due to the pres-
ence of BC without considering PP and AE, and the magnitude of this
effect was increased by 1.3 W m−2 (12.4%) and 4.3 W m−2 (41.0%)
when PP and AE, respectively, were considered in the model. At the
TOA, the BC radiative effect increased the net incoming radiation over
the NCP by 9.2 W m−2, 10.1 W m−2 and 12.9 W m−2, respectively, for
the cases without PP & AE, without AE and with PP & AE. Within the
BTH region, themeanBC radiative forcing at the surface (SUR), in the at-
mosphere (ATM) and at TOA for the simulationswithout PP & AE, with-
out AE, andwith PP & AEwere− 11.5, 21.1 and 9.5Wm−2,−12.8, 23.3
and 10.8 Wm−2, and− 17.7, 31.1 and 13.4 Wm−2, respectively, aver-
aged over 21–27 February 2014. Although the PP decreased BC concen-
trations over BTH, the changes in BCparticle size increased their impacts
on radiative fluxes at SUR, ATM and TOA. Strong negative SUR forcing
and positive ATM forcing can result in cooling at the surface and
warming in the atmosphere. The inclusion of both PP and AE strength-
ened the effect of BC on atmospheric stratification. However, compared
to the effect of PP, the effect of AE on BC radiative forcing was larger.

Fig. 5a–c shows the changes in the vertical temperature profile
caused by BC heating averaged over the BTH region and during 21–27
February 2014. BC significantly heated the atmosphere, especially in
the altitude range of 700–1400 m during 14:00–18:00, with maximum
temperature increases of 0.9, 1.1 and 1.4 °C in the simulations without
PP & AE, without AE, and with PP & AE, respectively. BC had a slight
warming effect at the surface, with increases in surface air temperature
of 0.3 °C in all simulations. Although themass concentration of the near-
surface BCwas the highest, the largest temperature increase occurred at
the top of the PBL (approximately 600–900m); this increasewas due to
the stronger shortwave absorption efficiency of the unit mass of BC at
higher altitudes (Fig. S7). This is consistentwith the results ofmanypre-
vious observational and modelling studies (Samset and Myhre, 2011;
Ferrero et al., 2014; Samset et al., 2014; Ding et al., 2016). When the



Fig. 4. (a–f) Spatial distributions of changes in radiativefluxes at the surface (SUR;Wm−2) and at the top of the atmosphere (TOA;Wm−2) due to the direct radiative effect of BCwithout
PP and AE (a and d; NoBCaging – NoBCaging&rad), without AE (b and e; CTRL – NoBCaging&rad), and with PP and AE (c and f; CTRL_1.5ab – NoBCaging&rad) averaged over 21–27
February 2014. (g) Direct radiative effect of BC at the surface, in the atmosphere (ATM) and at TOA averaged over 21–27 February 2014 in the BTH region.
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direct radiative forcing of BCwas not considered, the simulated PBL was
the highest, with a value of 297.1 m averaged over the BTH region dur-
ing 21–27 February 2014. The strong increase in temperature above the
PBL increased the atmospheric stability and suppressed the develop-
ment of the PBL. Corresponding to the daily maximum temperature
changes (14:00–19:00) (Fig. 5a–c), Fig. 5d shows the collocated maxi-
mum decreases in the PBL height corresponding to the daily maximum
temperature changes (14:00–19:00) caused by BC (Fig. 5a–c). Themin-
imumchange in PBL height occurredwithout PP&AE. In the time period
14:00–19:00, BC effects reduced the PBL height by 66.6 m (11.9%),
75.7 m (13.5%) and 116.3 m (20.7%), respectively, compared to the
PBL height in NoBCaging&rad. These results suggest the importance of
direct radiative forcing from BC in PBL meteorology. However, at night
(22:00–9:00), the PBL height was slightly increased by BC effects; this
occurred due to an increase in the surface buoyancy flux driven by day-
time BC warming near the ground (Barbaro et al., 2014; Huang et al.,
2015; Wang et al., 2018).

Fig. 6 shows the spatial distributions in the changes in PBL height, T2,
RH2andwindat 10mdue to thedirect radiative effect of theBCwithout
PP & AE, without AE, and with PP & AE, respectively, averaged over the
NCP during 21–27 February 2014. The simulated T2 slightly decreased
in the central area of BTH and increased in other areas due to the BC ef-
fect when PP & AE were not considered. PP and AE both strengthened
the radiative effect of BC on T2. BC effects without PP & AE, without
AE, and with PP & AE decreased the mean RH2 over BTH by 1.0%, 1.2%
and 1.1%, respectively. The decrease in RH2 likely resulted in a decrease
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in the concentration of PM2.5 produced by chemical reactions. Com-
pared to the baseline in NoBCaging&rad, the BC effect without consider-
ing PP & AE (in NoBCaging) induced strong anomalous northeasterly
winds from the sea and from relatively clean areas in the eastern NCP,
while PP and AE both strengthened the anomalous northeasterly.
These changes in wind patterns can be explained by the different
heating and cooling effects of BC on the air column and the surface
over the NCP region. Similar changes in PBL height, T2, RH2 and wind
at 10 m caused by BC were also reported by Qiu et al. (2017) and Gao
et al. (2016).
5.2. Impacts of BC on PM2.5 and O3 concentrations

As discussed above, the radiative effect of BC disrupted meteorolog-
ical variables (such as temperature, PBL, RH2 and wind) in the BTH re-
gion during this haze event. Such disruptions can have an impact on
PM2.5 and O3 concentrations, which are mainly controlled by meteoro-
logical conditions during haze events (Yang et al., 2016). Previous stud-
ies have shown that BC significantly changed the near-surface
concentration of pollutants by affecting the PBLH (Gao et al., 2016;
Ding et al., 2016; Qiu et al., 2017; Gao et al., 2018). Since BC effects dur-
ing this haze event caused increases or decreases in the PBLHdepending
mostly on the local time in the BTH region (as shown in Fig. 5), we sep-
arately discuss the impacts of BC on near-surface pollutants for the in-
creased and decreased PBLH.



Fig. 5. (a–c) Modelled diurnal variations in temperature (°C) caused by the direct radiative effect of BC (a) without PP and AE, (b) without AE, and (c) with PP and AE in the BTH region
during haze days. The overlaid lines are the PBL heights (m) simulated in the four sensitivity experiments. (d) Diurnal variations in the differences in PBL height between NoBCaging and
NoBCaging&rad (NoBCaging – NoBCaging&rad; red line), CTRL and NoBCaging&rad (CTRL – NoBCaging&rad; blue line), and CTRL_1.5ab and NoBCaging&rad (CTRL_1.5ab –
NoBCaging&rad; black line) in the BTH region on hazy days. The green dotted line indicates zero difference. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 7 shows the spatial distributions of changes in near-surface
PM2.5 and O3 due to BC without PP & AE, without AE, and with PP &
AE for the increased and decreased PBLH averaged over 21–27 February
2014.When the PBLH increased, BC had different effects on PM2.5 in the
eastern andwestern parts of BTH. The BC effects without PP & AE, with-
out AE and with PP & AE increased the surface PM2.5 concentration by
11.2 μg m−3 (12.5%), 11.2 μg m−3 (12.5%) and 15.2 μg m−3 (16.9%), re-
spectively, in the western part of BTH but reduced it by 13.8 μg m−3

(6.6%), 15.9 μg m−3 (7.6%) and 21.2 μg m−3 (10.2%) in the eastern
part. Although the PBLH increased slightly in BTH, anomalous north-
easterly windswere produced in the eastern NCP due to BC radiative ef-
fects, which accelerated the transport of aerosols and led to a decrease
in PM2.5 concentrations in the eastern part of BTH. The impact of BC
on the PM2.5 in BTH under this condition (the increased PBLH) occurred
mainly through the change in thewindfield.When the PBLHdecreased,
the near-surface PM2.5 concentration increased by 11.4 μg m−3 (10.6%),
10.6 μg m−3 (9.8%) and 13.7 μg m−3 (12.7%) in most areas of the BTH
region due to the effects BC without PP & AE, without AE and with PP
& AE, respectively. A sharp decrease in PBLH resulted in the accumula-
tion of near-surface PM2.5, which outweighed the decrease in PM2.5

caused by wind field anomalies in the eastern BTH region.
Tropospheric ozone is a typical secondary pollutant produced

mainly by photochemical reactions (Crutzen, 1973). The effects of BC
without PP & AE, without AE and with PP & AE reduced the simulated
surface O3 concentrations in most areas of the BTH by mean values of
1.8 ppbv (9.1%), 2.0 ppbv (10.2%) and 1.9 ppbv (9.6%), respectively,
when the PBLH increased. Dickerson et al. (1997) reported that BC re-
duced the surface O3 concentration by reducing photolysis rates, but
the positive ΔPBLH occurred at night, so BC had a weak effect on O3

under this PBLH condition. When the PBLH was decreased, the mean
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near-surface O3 concentration in BTH decreased by 2.8 ppbv (7.4%),
4.0 ppbv (9.0%) and 5.0 ppbv (10.8%) due to the effects of BC without
PP & AE, without AE and with PP & AE, respectively. The maximum re-
ductions appeared in the Beijing area. We further analysed the changes
in O3 concentration in BTH from 10:00 to 17:00 caused by the effects of
BC without PP & AE, without AE and with PP & AE using IPR analysis, as
shown in Fig. 8. Among the contributions of the O3 processes in the
three simulations (NoBCaging, CTRL and CTRL_1.5ab), from 10:00 to
17:00, VMIX made the largest positive contribution to near-surface O3

and reached its highest values of 6.7 ppbv h−1, 6.5 ppbv h−1 and 6.2
ppbv h−1, respectively, between 12:00–13:00 (corresponding to the
rapid development of PBL). CHEM made the largest negative contribu-
tion to near-surface O3, and the magnitude of this contribution contin-
ued to increase over time in the afternoon. The change in NET in all
three simulations showed an increasing trend between 10:00 and
12:00, followed by a decreasing trend. The effects of BC without PP &
AE, without AE and with PP & AE influenced the contributions of the
O3 processes, as shown in Fig. 8d–f. The effects of BC caused a reduction
in the contribution of VMIX because BC suppressed the development of
the PBL and reduced the vertical turbulence, thereby reducing the trans-
port of upper layer O3 to the surface. The VMIX contribution decreased
the most at 10:00 and 17:00, when the PBL developed and decreased
rapidly, respectively, and the PBL turbulence changed drastically. Both
PP and AE further exacerbated the decrease in VMIX at rates of −0.2
ppbv h−1 and −0.5 ppbv h−1, respectively. Because of the decline in
the PBLH caused by the effects of BC, a large amount of ozone precursors
accumulated within the boundary layer, and the contribution of CHEM
to the production of near-surface O3 increased. Although the positive
CHEM offset the negative VMIX to some extent, the NET was still a neg-
ative value.



Fig. 6. The spatial distributions of changes in PBL height (m), temperature at 2 m (T2; °C), relative humidity at 2 m (RH2, %) and wind at 10 m due to the direct radiative effect of BC
(a) without PP and AE, (b) without AE, and (c) with PP and AE averaged over 21–27 February 2014. The colours in the 10-m wind figures (rightmost column) indicate the
corresponding changes in wind speed (m s−1).
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6. Conclusion and discussion

In this study, we quantify the impact of BC direct radiative forcing,
with the BC aging physical processes (PP) and/or absorption enhance-
ment (AE) turned on/off in the WRF-Chem model, on meteorological
variables and air pollutants in BTH during 21–27 February 2014. The
temporal correlation coefficients between the simulated and observed
surface temperature, relative humidity and wind speed were greater
than 0.7 at 20 stations in BTH. The correlation coefficients between
the simulated and observed hourly PM2.5, O3 and BC in Beijing were
0.83, 0.67 and 0.72, respectively. The spatial correlation coefficient be-
tween the satellite-retrieved AOD and model-simulated AOD over the
NCP was 0.91. The comparisons indicate that the WRF-Chem model
has the ability to reasonably represent this haze event in the BTH region.

We have demonstrated that the aging PP changed the particle size
and mass concentration of BC. The model results show that PP de-
creased near-surface BC concentrations in size bins 1, 2 and 3 (particle
diameters less than 0.312 μm) by 2.1 μg m−3 (84.9%), 0.7 μg m−3

(42.7%) and 0.2 μg m−3 (6.2%), respectively, but increased BC
10
concentrations by 1.6 μg m−3 (65.1%), 0.6 μg m−3 (75.6%) and
0.1 μg m−3 (47.9%) in bin 4, 5 and 6–8, respectively, averaged over the
BTH region during this haze event. Overall, the BC aging PP slightly de-
creased the ground-level BC concentration and the BC column mass
loading, by 0.7 μg m−3 (6.6%) and 1.1 mg m−2 (12.1%), respectively, in
BTH. When PP were considered, the proportions of the BC concentra-
tions in the lower atmosphere (below 1000 m) in bins 4–8 increased
from 27.8–32.7% to 58.5–64%. We also found that the impact of PP on
BC particle size distribution below 500m is much greater than the com-
bined effects of other physical processes.

Averaged over 21–27 February 2014 in the BTH region, the effects of
BC without PP & AE, without AE and with PP & AE reduced downward
shortwave radiation at the surface by 11.5 W m−2, 12.8 W m−2 and
17.7 W m−2 and increased downward shortwave radiation at the top
of the atmosphere by 9.5Wm−2, 10.8Wm−2 and 13.4Wm−2, respec-
tively. BC significantly heated the atmosphere during 14:00–18:00, es-
pecially at altitudes of 700–1400 m, where the air temperature was
warmed by 0.9 °C, 1.1 °C and 1.4 °C, respectively. The PBL heightwas re-
duced by 66.6 m (11.9%), 75.7 m (13.5%) and 116.3 m (20.7%) from



Fig. 7. Spatial distributions of changes in the concentrations of PM2.5 and O3 due to the direct radiative effect of BC (a) without PP and AE, (b) without PP, and (c) with PP and AE averaged
over 21–27 February 2014.ΔPBLH>0m represents the timeswhen the PBLH simulated in the corresponding sensitivity experiment (NoBCaging, CTRL or CTRL_1.5ab)was higher than the
PBLH simulated in NoBCaging&rad, and ΔPBLH <0 m represents the opposite situation.
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14:00–19:00 due to the effects of BC without PP & AE, with PP and with
PP & AE, respectively. However, the PBL height slightly increased from
22:00 to 9:00 at night. On average, over the BTH region from 21 to 27
February 2014, the simulated T2 was slightly reduced in the central
NCP and increased in other areas due to the BC radiative effect without
PP & AE. PP and AE both strengthened the effect of BC on T2. Relative to
the baseline result of NoBCaging&rad, the BC effect over BTH induced
strong anomalous northeasterly winds from the ocean and clean-air
areas in the eastern NCP, while both PP and AE strengthened the anom-
alous northeasterly.

Because of the complicated changes in multiple meteorological pa-
rameters (temperature, RH2, PBLH and wind field) associated with the
BC radiative effect, its impacts on PM2.5 and O3 depended on the time
and location in the BTH region. When the PBLH was high, during the
daytime, the simulated impact of BC without PP & AE, without AE and
with PP & AE increased the surface PM2.5 concentration by
11.2 μg m−3 (12.5%), 11.2 μg m−3 (12.5%) and 15.2 μg m−3 (16.9%), re-
spectively, in the western part of the BTH region but decreased the
PM2.5 concentration by 13.8 μg m−3 (6.6%), 15.9 μg m−3 (7.6%) and
21.2 μg m−3 (10.2%) in the eastern part. When the PBLH is decreased
11
(from 10:00 to 21:00), the near-ground PM2.5 concentrations increased
by 8.3 μg m−3 (6.1%), 6.1 μg m−3 (4.5%) and 9.6 μg m−3 (7.0%), and the
surface O3 concentration decreased by 2.8 ppbv (7.4%), 4.0 ppbv (9.0%)
and 5.0 ppbv (10.8%) in the BTH region due to the effects of BC without
PP & AE, without AE and with PP & AE, respectively. Using IPR analysis,
we found that VMIX made the largest positive contribution to near-
surface O3, while CHEM made the largest negative contribution. BC re-
duced the positive contribution of VMIX and the negative contribution
of CHEM by suppressing the development of PBL. Both PP and AE
strengthened this effect.

In our study, although the model captured the trends of the BC con-
centrations well, the BC concentrations were overestimated in the sim-
ulation, which might have strengthened the modelled direct radiative
effects of BC on meteorology and pollutants during this severe haze
event. This bias could be related to the uncertainties in the emission in-
ventory and the simulated meteorological parameters (e.g., WD10). As
shown in Fig. 1, the model could not completely reproduce the change
inWD10with time in NCPwith R of 0.6, whichmay affect the simulated
regional transport of pollutants as well as the simulated BC radiative
feedbacks on near-surface PM2.5 and O3.



Fig. 8. (a–c) Hourly O3 process contributions in the NoBCaging, CTRL and CTRL_1.5ab experiments from 10:00 to 17:00 local time. (d–f) Changes in the hourly O3 process contributions
caused by the impact of BC without PP & AE, without AE and with PP & AE, respectively.
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A fixed AE value was used in this study due to the lack of sufficient
observational BC absorption enhancement data for the NCP area, except
for Beijing, during this severe haze event.Weadopted afixedBC absorp-
tion enhancement with a value of 1.5 without considering the spatial
and temporal variations in AE. Sun et al. (2020)measured BC absorption
enhancement at 520 nm in winter in Guangzhou and showed that the
AE slightly increased with time during the day and decreased at night.
In contrast to this diurnal AE pattern, the fixed AE value we set may
have led to an underestimation of the direct radiative effects of BC on
meteorology and pollutants during the day and an overestimation of
these effects at night during this haze event in NCP. The diversity of
sizes andmixing states of BC-containing particles in different regions re-
sult in variations in observed AE values. In general, high AE values have
been observed in polluted urban areas, such as Xian (1.8 at 870 nm)
(Wang et al., 2014), Guangzhou (1.5 at 550 nm) (Wu et al., 2018) and
Beijing (1.6 at 550nm) (Zhao et al., 2020), and low values have been ob-
served in relatively clean areas, such as Sacramento (1.06 at 532 nm)
(Cappa et al., 2012) and Fontana (1.22 at 532 nm) (Cappa et al.,
2019). Therefore, the results obtained with an AE of 1.5 for the whole
area may underestimate the direct radiative effects of BC in the most
heavily polluted areas and overestimate the effects of BC in clean
areas in NCP. In the future, multi-model comparisons and evaluations
of the aging processes of BC particles should be conducted in China.
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