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Abstract We quantified aerosol direct radiative effects on surface layer concentrations of aerosols
during a heavily polluted event in the North China Plain (NCP, 35.4°N–41.2°N, 113.3°E–119.3°E) during
21–27 February 2014, using the chemistry version of the Weather Research and Forecasting (WRF-Chem)
Model. Comparisons of model results with observations showed that the WRF-Chem model reproduced
the spatial and temporal variations of meteorological variables reasonably well, but overestimated
average PM2.5 concentration by 21.7% over the NCP during 21–27 February. The simulated direct
radiative effects of total, absorbing, and scattering aerosols reduced the planetary boundary layer (PBL)
heights by 111.4 m, 35.7 m, and 70.7 m, respectively, averaged over NCP and 21–27 February. The direct
radiative effects of total aerosols induced increases in aerosol concentrations by 11.5% for SO2�

4 , 29.5%
for NO�

3 , 29.6% for NHþ
4 , 28.7% for organic carbon (OC), 26.7% for black carbon (BC), and 20.4% for

PM2.5, respectively, averaged over the NCP during 21–27 February 2014. The increase in PM2.5

concentration averaged over the NCP and the haze event was 29.6 μg m�3 (16.8%) due to radiative
effect of scattering aerosols, as a result of the decreases in PBL height and changes in secondary aerosol
production rates. The corresponding increase in PM2.5 concentration owing to absorbing aerosols was
2.1 μg m�3 (1.0%), resulting from the offsetting impacts of changes in PBL height, wind near the surface,
and chemical processes.

1. Introduction

High concentrations of aerosols, also referred to as particulate matter, lead to adverse health impacts [Yadav
et al., 2003; Tie et al., 2009], reductions in visibility [Schichtel et al., 2001; Chen et al., 2003; Chan and Yao,
2008], and radiative forcing on regional and global scale [Giorgi et al., 2002; Jung et al., 2009; Liao et al.,
2015; K. Li et al., 2015]. Due to the rapid economic and industrial development over the past three decades,
severe haze events have been frequently observed in the North China Plain (NCP) during autumn and winter
[X. J. Zhao et al., 2013; Y. S. Wang et al., 2014; Sun et al., 2014; Zhang et al., 2014; Yang et al., 2015;Wang et al.,
2016; Yang et al., 2016]. For example, Y. S. Wang et al. [2014] reported that the observed maximum hourly
PM2.5 concentration in Beijing reached 680 μg m�3 during an extremely severe haze event on 12 January
2013. These high surface layer concentrations of PM2.5 during autumn and winter in China are caused by
the high anthropogenic emissions and the stable synoptic conditions. Meteorological conditions, such as
weak surface winds, low planetary boundary layer (PBL) height, and high relative humidity, play important
roles in the formation of heavily polluted episodes [Wang et al., 2006; Niu et al., 2010; X. J. Zhao et al., 2013;
Quan et al., 2014].

Previous observational studies have reported the chemical characteristics of aerosols during haze periods
over the NCP region [X. J. Zhao et al., 2013; Sun et al., 2014; Zhang et al., 2016]. X. J. Zhao et al. [2013] showed

that total concentrations of sulfate (SO2�
4 ), nitrate (NO�

3 ), and ammonium (NHþ
4 ) were 127.0 and 113.5 μg m�3

in Tianjin and Beijing, respectively, averaged over 14–23 January 2010, accounting for 44.8 and 33.7% of
total PM2.5 concentrations. Sun et al. [2014] reported that the observed percentages of inorganic aerosol

concentrations (SO2�
4 þ NO�

3 þ NHþ
4 + chloride (Cl�)) in PM1 were elevated from 31% during clean periods
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(with averaged PM1 concentrations of 13.8 μg m�3) to 40–54% during haze episodes (with averaged PM1

concentrations of 144–300 m�3) in Beijing in January 2013. Zhang et al. [2016] observed the aerosol com-
position in Beijing from 4 August to 3 September 2012 and showed that the averaged concentrations of

SO2�
4 , NO�

3 , and NHþ
4 were 4.5, 4.0, and 4.2 times higher than those during nonhaze days, respectively.

The haze days were defined as days with observed PM2.5 concentrations higher than 75 μg m�3 and
observed atmospheric visibility less than 10 km at a RH lower than 90%. Furthermore, the percentage
increases in inorganic aerosols were greater than the percentage increase of total PM2.5 concentrations
during haze days relative to nonhaze days. This suggests that secondary inorganic aerosols play important
roles in the formation of haze.

Aerosols can scatter or absorb solar radiation (i.e., aerosol direct radiative effect), leading to changes in the
Earth’s radiative balance and in meteorological fields. Previous studies have reported large changes in
shortwave radiative fluxes during heavily polluted events [Che et al., 2014; H. Wang et al., 2014]. Based
on Cimel Sun photometer measurements at seven sites over the North China Plain, Che et al. [2014]
reported that the maximum daily mean direct aerosol radiative effect at the surface within the solar zenith
angles of 50–80° during the intensely polluted period of 10–16 January 2013, exceeded �50, �180, and
�200 W m�2 at rural, suburban, and urban sites, respectively. Large reductions in radiative fluxes at the
surface during severe pollution events have decreased surface temperatures and reduced PBL height
[Ding et al., 2013; Liao and Liao, 2014; H. Wang et al., 2014]. Using comprehensive measurements during
an intense air pollution event in Nanjing, China, and the Weather Research and Forecasting (WRF)
Model, Ding et al. [2013] found that the total impact of mixed agricultural burning plumes, together with
fossil fuel combustion pollution during 9–11 June 2012, resulted in a maximum decrease in temperature
by almost 10 K and a decrease in PBL height. H. Wang et al. [2014] examined the interactions between
aerosols and PBL during a haze episode in July 2008, over the NCP region using the new-generation
Global/Regional Assimilation and PrEdiction System (GRAPES), developed by the China Meteorological
Administration and the Chinese Unified Atmospheric Chemistry Environment (GRAPES_CUACE). They found
that the percentage changes in PBL heights between simulations with and without aerosol direct radiative
effects were �33%.

Aerosol radiative effects can influence surface layer aerosol concentrations [Forkel et al., 2012], especially
during pollution events [J. Wang et al., 2014; Gao et al., 2015; Ding et al., 2016; Gao et al., 2016a], through
feedbacks onto meteorological fields. J. Wang et al. [2014] analyzed the response of PM2.5 species to aero-
sol radiative effects during a haze event in the NCP region in January 2013 using the WRF-CMAQ model.
They found that when considering the aerosol direct radiative effect, the surface layer concentrations of

NO�
3 , SO

2�
4 , NHþ

4 , BC, and OC increased by 15.2%, 20.4%, 18.5%, 30.3%, and 30.2%, respectively. Primary

aerosols (BC and OC) showed significant increases greater than the secondary aerosols (NO�
3 , SO

2�
4 and

NHþ
4 ) due to the complex formation mechanisms of secondary aerosols. Gao et al. [2015] investigated

the impact of aerosol radiative effects on surface concentrations of PM2.5 using the WRF-Chem model in
the NCP region in January 2013. They found that aerosol radiative effects increased surface layer PM2.5

by 10–50 μg m�3 (2–30%) when averaged over 10–15 January over the NCP region due to the decreased
PBL height. With high concentrations of BC observed in the NCP region, the radiative impacts of absorbing
aerosols were simulated to increase surface layer PM2.5 concentrations as a result of the depressed
development of PBL induced by BC heating in the upper boundary layer [Ding et al., 2016; Gao et al.,
2016a]. Gao et al. [2016a] reported that PM2.5 concentration increased by about 14.4 μg m�3 through BC
absorption in Shijiazhuang (38.0°N, 114.5°E). This accounted for approximately 65.7% of PM2.5 changes
due to the feedback of all aerosols.

Scattering and absorbing aerosols have different radiative impacts [Chang and Liao, 2009; C. Zhao et al., 2013;
Gao et al., 2014]. As mentioned above, although there are several studies demonstrating the impacts of
absorbing aerosols on PM2.5 concentrations, few studies have separately examined the impacts of both scat-
tering and absorbing aerosols on the chemical components of PM2.5. Different aerosols have different forma-

tion processes (for example, increases in temperature enhance the chemical production of SO2�
4 in the

atmosphere [Aw and Kleeman, 2003; Dawson et al., 2007; Kleeman, 2008] and decrease NO�
3 formation

[Liao et al., 2006; Racherla and Adams, 2006; Bellouin et al., 2011]). It is therefore important to understand
how scattering and absorbing aerosols affect individual aerosol species during severe haze days.
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To examine the impacts of aerosol direct radiative effects on air quality, we used the online-coupled regional
chemistry-climate model WRF-Chem. The goal of this study was to examine systematically the aerosol direct
radiative feedbacks on PM2.5 components in the NCP region during a severe haze event in 21–27 February
2014. We paid special attention to (1) the spatial and temporal variations of aerosol direct radiative feedbacks
on meteorological variables and major aerosol species during the severe haze event and (2) the separate
roles of the radiative effects of scattering and absorbing aerosols.

This paper is organized as follows. TheWRF-Chemmodel, experimental configuration, and observational data
sets used in the study are described briefly in section 2. Section 3 compares simulated meteorological and
chemical variables with observations. The impacts of aerosol-meteorological feedbacks of total, scattering,
and absorbing aerosols in meteorological fields, PM2.5 species, and other atmospheric species are examined
in section 4. We discuss the uncertainties of this study in section 5.

2. Model Configuration and Observation Data
2.1. WRF-Chem Model

This study used version 3.6.1 of WRF-Chem [Grell et al., 2005; Fast et al., 2006; Chapman et al., 2009] to simulate
meteorological fields and concentrations of gas phase species and aerosols simultaneously. The WRF-Chem
model was configured with three nested domains, with grid resolutions of 90, 30, and 10 km (Figure 1),
respectively. The inner domain covered the NCP region with 33 vertical layers up to 50 hPa. We used the
gas phase chemistry scheme of the CBM-Z mechanism [Zaveri and Peters, 1999], with photolysis rates calcu-
lated using the Fast-J scheme [Wild et al., 2000]. For the aerosol module, the Model for Simulating Aerosol
Interactions and Chemistry (MOSAIC) [Zaveri et al., 2008] with eight sizes of bins (0.039–0.078, 0.078–0.156,
0.156–0.3125, 0.3125–0.625, 0.625–1.25, 1.25–2.5, 2.5–5.0, and 5.0–10 μm) was used. The aerosol species

treated in MOSAIC included NO�
3 , SO

2�
4 , NHþ

4 , BC, OC, sodium (Na+), Cl�, and other inorganics (OIN). In
the current MOSAIC module, secondary organic aerosol (SOA) was not included. Aerosols were internally
mixed in each bin, and externally mixed among eight bins. The sectional treatment of aerosols also had
impacts on aerosol optical properties. In the optical module, all components except BC were assumed to
be uniformly distributed in a shell that surrounded a core consisting only of BC [Barnard et al., 2010].
Dry deposition of trace gases and aerosol particles were based on the methods of Wesely [1989] and
Binkowski and Shankar [1995], respectively. In-cloud aerosols and gases were removed by using the first-
order loss rate of cloud water from the microphysics scheme. Wet deposition of gases and aerosols below
cloud followed the method of Easter et al. [2004], in which aerosol impaction/interception scavenging rates
were size dependent.

The major physical parameterizations in this study included the Rapid Radiative Transfer Model for GCMs
(RRTMG) shortwave and longwave radiation schemes [Zhao et al., 2011], the modified Purdue Lin microphy-
sics module [Lin et al., 1983], the Noah Land Surface Model scheme, and the Yonsei University (YSU) planetary

boundary layer scheme [Hong et al., 2006]. Our simulation of SO2�
4 followed that in X. Huang et al. [2014], who

implemented the SO2 aqueous oxidation catalyzed by iron (Fe) and manganese (Mn) to improve the repre-

sentation of SO2�
4 aerosol over eastern China in the WRF-Chem model [X. Huang et al., 2014].

2.2. Emission Inventories

Anthropogenic emissions were taken from the Hemispheric Transport of Air Pollution (HTAP) version 2 global
inventory, which consisted of monthly emissions of nitrogen oxides (NOx), carbon monoxide (CO), non-
methane volatile organic compounds (NMVOC), sulfur dioxide (SO2), ammonia (NH3), primary PM10, primary
PM2.5, BC, and OC for year 2010 with a horizontal resolution of 0.1° [M. Li et al., 2015]. In February, the anthro-
pogenic emissions of NOx, CO, NMVOC, SO2, NH3, primary PM10, primary PM2.5, BC, and OC were, respectively,
1.95, 16.13, 1.81, 2.05, 0.51, 1.32, 1.03, 0.17, and 0.38 Tg species over eastern China (20.0°N–45.0°N, 98.0°E–
125.0°E). We assumed that the emissions in year 2010 were the same as those in year 2014. Anthropogenic
emissions were assumed to be emitted at the surface. Biogenic emissions were calculated from the Model
of Emissions of Gases and Aerosols from Nature (MEGAN) [Guenther et al., 2006]. Biomass burning emissions
were taken from the Fire INventory from NCAR (FINN) datasets [Wiedinmyer et al., 2011]. Emissions of sea salt
and dust were calculated online following Gong et al. [1997; 2003] and Zhao et al. [2010], respectively.
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2.3. Numerical Experiments

To examine the direct radiative effects of scattering and absorbing aerosols on the simulated surface layer
concentrations of aerosols, we performed the following simulations for the time period of 21–27 February
2014.

1. CTRL: The control simulation of meteorological parameters and chemistry/aerosols with coupled aerosol
direct and indirect radiative effects.

2. noALL: The same as the CTRL simulation, except that the direct radiative effect of all aerosols was turned
off over the three nested model domains.

3. noABS: The same as the CTRL simulation, except that the direct effect of absorbing aerosol (BC) was turned
off. Although dust is usually treated as the light-absorbing aerosol in previous studies, it is still difficult to
separate the optical contribution of dust from the total OIN aerosol. This is because the OIN aerosol con-
sists of the unspeciated primary aerosol and dust in both theMOSAIC aerosolmodule and the optical mod-
ule of the WRF-Chem model. Therefore, only BC was treated as the absorbing aerosol in our study.

4. noSCAT: The same as the CTRL simulation except that the direct effect of scattering aerosols (NO�
3 , SO

2�
4 ,

NHþ
4 , OC, Na

+, Cl�, OIN, and aerosol water) was turned off.
5. CTRL_0.5BC: The same as the CTRL simulation, except that BC emissions were reduced by 50% over the

three nested model domains.
6. noABS_0.5BC: The same as the noABS simulation, except that BC emissions were reduced by 50% over the

three nested model domains.

The aerosol direct radiative effect was turned off by removing the mass of aerosol species from the calcula-
tion of aerosol optical properties, which did not influence the simulation of the aerosol indirect effect in the
simulations above. The difference in the model results between CTRL and noALL simulations (CTRL–noALL)
represented the direct radiative effect of all aerosols on meteorology and concentrations of chemical species.
The radiative effects of scattering and absorbing aerosols were quantified by the differences between CTRL
and noSCAT (CTRL–noSCAT), and CTRL and noABS (CTRL–noABS), respectively. The difference between the
CTRL_0.5BC and noABS_0.5BC cases (CTRL_0.5BC–noABS_0.5BC) was used to determine the uncertainties asso-
ciated with the radiative impact of BC. The initial and boundary meteorological conditions were provided by
the National Centers for Environmental Prediction (NCEP) 1° × 1° reanalysis data. The initial and boundary
conditions of chemical species were derived from the results of the Model for Ozone and Related chemical
Tracers, version 4 (MOZART-4) [Emmons et al., 2010]. For each simulation, the model was first spun up for
64 h and then integrated and analyzed over 0000 local time (LT) 21 February to 0000 LT 28 February 2014.
We have used LT in this paper unless stated otherwise.

Figure 1. Model domains. (a) The area within the red square indicates the NCP region (35.4°N–41.2°N, 113.3°E–119.3°E) at
10 km resolution. The area within the white square is simulated at 30 km resolution, and the rest of the East Asian domain is
simulated at 90 km resolution. (b) Locations of Beijing, Tianjin, Hebei, and Shandong provinces.
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2.4. Observation Data

Meteorological and chemical observation data sets were used to evaluate the model performance in the NCP
region. For meteorological variables, the surface meteorological data were obtained from NOAA’s National
Climatic Data Center (https://gis.ncdc.noaa.gov/maps/ncei/cdo/hourly), which consisted of temperature at
2 m (T2), relative humidity at 2 m (RH2), wind speed at 10 m (WS10), and wind direction at 10 m (WD10).
We used 18 measurement stations (see Table S1 in the supporting information) in the NCP region in this
study. Beijing radiosonde data, provided by the University of Wyoming, Department of Atmospheric
Science (http://weather.uwyo.edu/upperair/sounding.html), were also used to evaluate the simulated
temperature profiles.

Surface concentrations of PM2.5, NO2, SO2, and O3 during 21–27 February 2014 were obtained from the China

National Environmental Monitoring Center (CNEMC). Concentrations of speciated aerosols (SO2�
4 , NO�

3 , NH
þ
4 ,

BC, and OC) from 24 to 27 February 2014, were collected at the Tower Division of the Institute of Atmospheric
Physics, Chinese Academy of Sciences, in Beijing (40.0°N, 116.3°E). This observation site is approximately 8 m
above ground level and is a typical urban site surrounded by residential areas. Besides, concentrations of
PM2.5 components in Jinan (36.7°N, 117.1°E) during 21–27 February were also obtained from Chen et al.
[2016]. Aerosol optical depth (AOD) at 550 nm from the AERONET data set [Holben et al., 1998] was used
to evaluate the simulated aerosol optical properties.

3. Simulated Haze Event and Model Evaluation
3.1. Concentrations of PM2.5, SO2, NO2, and O3

Figure 2a shows the observed and simulated spatial distributions of PM2.5, SO2, NO2, andO3 from the CTRL simu-
lation over the NCP and averaged over 21–27 February. Observations are shown for 19 cities from the CNEMC.
Observed PM2.5 concentrations showed highest values of 300–400 μg m�3 in the western Hebei Province.
Observed concentrations of aerosol precursors of SO2 and NO2 had high values in Tianjin, western and northern
Hebei, and northern Shandong provinces, with SO2 concentrations of 100–180 μgm�3 and NO2 concentrations
of 80–140 μg m�3 averaged over 21–27 February (Figure 2a). Observed O3 concentrations were low over most
of the NCP region with values of 20–60 μg m�3 averaged between 21 and 27 February (Figure 2a). The model
performed well in simulating the spatial distributions of themean concentrations of PM2.5 and other gas species
(SO2, NO2, and O3) averaged between 21 and 27 February in the 19 cities in the NCP (Figure 2a).

Figure 2b shows the observed and simulated time series of hourly concentrations of PM2.5, SO2, NO2, and O3

averaged over the 19 cities during 21–27 February. Both observed and simulated concentrations peaked on
25 February for all four species. The model reproduced the temporal variations of PM2.5, SO2, NO2, and O3

during 21–27 February with correlation coefficients (Rs) between simulated and observed hourly concen-
trations of 0.85, 0.78, 0.71, and 0.67, respectively. Compared with observations, the simulated concentra-
tions of PM2.5, SO2, NO2, and O3 had mean biases (MBs) and normalized mean biases (NMBs; in brackets)
of 44.0 μg m�3 (21.7%), 1.5 μg m�3 (1.3%), �3.6 μg m�3 (�4.7%), and 16.7 μg m�3 (66.1%), respectively.

Because of the lack of measurements of speciated aerosols for the whole NCP, Figure 3 compares the simu-

lated surface layer mass concentrations ofSO2�
4 ,NO�

3 , BC, OC, andNH
þ
4 from the CTRL simulation versus obser-

vations in Beijing and Jinan during the haze event. The observed concentrations of SO2�
4 , NO�

3 , NH
þ
4 , BC, and

OC in Beijing were available only for 24–27 February 2014 (section 2.4). Therefore, the observed and simu-
lated concentrations in Beijing were averaged between 24 and 27 February for comparison. In Beijing

(Jinan), the model underestimated the concentrations of NHþ
4 , OC, and SO2�

4 by 6.3% (27.9%), 23.5%
(24.4%), and 66% (68.7%), respectively, and overestimated the concentrations of BC and NO�

3 by 92.8%
(91.9%) and 60.7% (47.4%), respectively. For OC, the underestimation may have resulted from the lack of

representation of SOA in the MOSAIC aerosol module. For SO2�
4 the underestimation occurred with an over-

estimation of SO2 concentrations by about 161% in Beijing, although themodel captured SO2 well in the NCP

(Figure 2). Considering that the simulated total concentration of SO2�
4 , NO�

3 , and NHþ
4 agreed closely with

observations with a MB (NMB) of 2.1–15.8 μg m�3 (1.5–14.1%) and that these three aerosol species had
approximately the same optical properties [Barnard et al., 2010], the model biases in the concentrations of
speciated aerosols should not influence the simulation of the direct effect of these three types of aerosols.
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Figure 2. (a) Simulated spatial distributions of concentrations (μg m�3) of PM2.5, SO2, NO2, and O3 in the NCP, averaged
over 21–27 February 2014. Overlaid are the observed concentrations (circles) at the 19 stations averaged over these same
dates. (b) Time series of observed (black dots) and simulated (red lines) hourly concentrations (μg m�3) of PM2.5, SO2, NO2,
and O3 averaged over the 19 stations in the NCP. Also shown in Figure 2b are the mean bias (MB), normalized mean bias
(NMB), and correlation coefficient (R) for each panel.MB ¼ ∑Ni¼1 Pi � Oið Þ� �

=N,NMB ¼ ∑Ni¼1 Pi � Oið Þ� �
= ∑Ni¼1Oi
� ��100%, where

Pi and Oi are the predicted and observed concentrations of a chemical species (i.e., PM2.5, SO2, NO2, or O3), respectively.
The parameter i refers to the ith hour and N is the total number of hours.
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The high bias in the simulated BC may have led to overestimation of the absorbing effect of BC, which will be
addressed in section 5 when we discuss the uncertainties of our model simulation.

3.2. Meteorological Parameters

Figure 4 shows the simulated geopotential height at 500 hPa and wind at 850 hPa from the CTRL simulation
at 2 A.M. for 21–27 February 2014. From 21 to 26 February, eastern China was covered by weak southwesterly
winds in the boundary layer. The southwesterly winds transported aerosols and their precursors from the
southern NCP to the mountain-plain area of northern NCP [X. J. Zhao et al., 2013; Y. S. Wang et al., 2014;
Gao et al., 2016a].

During this period, aerosols and other atmospheric pollutants accumulated in the PBL. On 27 February, a low-
pressure system with strong northerly winds and severe cold air dominated the NCP region, which blew the
pollutants away from the area. Figure 5 shows the simulated vertical profiles of hourly temperature, relative
humidity, and wind speed averaged over the NCP during 21–27 February 2014. A strong temperature
inversion occurred over the NCP region at nighttime on 22 February and during 24–26 February, which
inhibited vertical mixing (Figure 5a). The corresponding PM2.5 concentrations at the surface were highest
on these dates (Figure 2). During 22–26 February, RH exceeded 50% in the lower troposphere (< 700 hPa),
which favored the formation of severe haze. The haze event was also accompanied by low wind speed
(< 3 m s�1) in the PBL. These meteorological conditions contributed to the formation of the severe haze
event, as reported in the previous studies of Y. S. Wang et al. [2014] and Quan et al. [2014]. On 27
February, temperature and RH decreased, and wind speed increased, which were all unfavorable for pollu-
tant accumulation in the boundary layer.

Figure 6 shows the 3-hourly time series of simulated and observed T2, RH2, WS10, and WD10 averaged over
the 18 stations in the NCP for 21–27 February 2014. The locations of the 18 stations that were available from
NOAA’s National Climatic Data Center are shown in Table S1 in the supporting information. Table 1 sum-
marizes the statistics of the model performance in simulating meteorological parameters at the 18 stations
during the study period. The model reproduced the temporal variation of T2 well (Figure 6) with a R value
of 0.96 (Table 1), but underestimated T2 with a MB of �2.3°C. For RH2, the model results and observations
showed high values of 70–90% at nighttime during 21–26 February, with a small MB of 3.1% and a R of
0.82. The model results and observations exhibited relatively low wind speed during 21–26 February and
high wind speed on 27 February; however, the model overestimated wind speed with a NMB of 58.6%.
Similar high biases in wind speed have been reported in previous studies using the WRF-Chem model over
China and other countries [Zhang et al., 2010; Jiang et al., 2012; Situ et al., 2013; Liao et al., 2015; Zhang
et al., 2014; Gao et al., 2015], which may have been caused by the default surface land cover type in WRF-
Chem [Yu et al., 2012; Wang et al., 2012]. For WD10, the model-simulated southerly wind for 21–26
February and northerly wind on 27 February, which was consistent with the observations. In general, the
model can predict the surface meteorological variables fairly well in the NCP.

Figure 7 compares the simulated vertical profiles of temperature with atmospheric radiosonde observations
in Beijing (40.0°N, 116.3°E) at 8 A.M. and 8 P.M. for 22, 24, and 26 February 2014. The radiosonde observations
were only available at these two local hours. A temperature inversion occurred on 24 and 26 February below

Figure 3. Comparison of observed and simulated surface layer mass concentrations (μg m�3) of SO2�
4 , NO�

3 , NH
þ
4 , BC, and

OC in (a) Beijing averaged over 24–27 February and in (b) Jinan averaged over 21–27 February.
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Figure 4. Simulated geopotential height (units: 10 gpm) at 500 hPa and wind field (m s�1) at 850 hPa at 2 A.M. on each day
during 21–27 February 2014. Red square in the first panel denotes the NCP region.
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1500 m, which was captured by the
model. However, the model underes-
timated the inversion layer height on
24 February, which may have led to
the overestimation of the PM2.5 con-
centrations shown in Figure 2.

3.3. Aerosol Optical Depth

Previous studies found that MODIS
retrievals tended to overestimate
AOD in the NCP during polluted
events compared with AERONET
AOD [Gao et al., 2015; Li et al., 2016;
Miao et al., 2016]. Therefore, we are
mainly focused on the comparisons
between simulated AOD values and
AERONET observations in this work.
During 21–27 February, AERONET
AOD observations were available at
Xinglong station (40.39°N, 117.58°E)
for days of 24, 26, and 27 February.
The AERONET AOD values at 550 nm
at Xinglong on 24, 26, and 27
February were 1.68, 1.20, and 0.08,
respectively. The corresponding
AOD values in the CTRL simulation
were 0.60, 1.40, and 0.20, respec-
tively. Simulated AOD value at
Xinglong averaged over these three
days had a low bias of �25.7% in
comparison with AERONET AOD.
Similar underestimation of AOD in
comparison with AERONET observa-

tion in the NCP during haze events was also reported in previous studies [Gao et al., 2015; Miao et al.,
2016], which might be caused by the representation of aerosol mixing state and refractive index in the
WRF-Chem model [Barnard et al., 2010; Curci et al., 2015].

4. Feedback Effects of Aerosols
4.1. Simulated Direct Radiative Impacts of Aerosols on Meteorological Variables

In this section, we investigated the interactions between aerosols and meteorology by examining the differ-
ences between the CTRL simulation and the sensitivity simulations (noALL, noABS, and noSCAT). Figure 8 dis-
plays the spatial distributions of changes in the downward shortwave flux at the surface, T2, RH2, PBL height,
and wind at 10 m in the NCP induced by the direct radiative effects of total (Figure 8a), absorbing (Figure 8b)
and scattering (Figure 8c) aerosols. All changes were averaged over 21–27 February 2014. The shortwave
radiation fluxes at the surface over the NCP were reduced by 54.6 W m�2, 18.0 W m�2, and 36.1 W m�2 by
total, absorbing, and scattering aerosols, respectively, when averaged over NCP and between 21 and 27
February 2014. The corresponding reductions in T2 were 1.7°C, 0.2°C, and 1.6°C, respectively. In the simula-
tion, RH2 increased by 4.1%, 0.9%, and 3.3% by total, absorbing, and scattering aerosols, respectively, when
averaged over the NCP between 21 and 27 February. This resulted from the decrease in saturation vapor pres-
sure due to the decreases in T2. A slight warming of T2 of 0.1–0.4°C occurred in the simulation in the north-
western NCP by absorbing aerosol, leading to reductions in RH2 by 2–4% in that region. The PBL heights
averaged over the NCP between 21 and 27 February decreased by 111.4 m, 35.7 m, and 70.7 m, respectively,
in the presence of all, absorbing, and scattering aerosols.

Figure 5. Simulated hourly vertical profiles of (a) temperature (°C), (b) rela-
tive humidity (%), and (c) wind speed (m s�1). All parameters are averaged
over the NCP during 21–27 February 2014.
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We also show in Figure 8 the differences in wind at 10 m in the NCP due to the direct radiative effects of aero-
sols. Relative to the CTRL simulation, absorbing aerosols induced strong anomalous northeasterlies in the
eastern NCP, while scattering aerosols had a small impact on winds in this region. The changes in wind
can be explained by the changes in atmospheric temperature and pressure. For example, in the presence
of absorbing aerosol, T2 increased by about 0.2–0.6°C in eastern China, leading to decreases in surface pres-
sure of 40–90 Pa (Figure S1). Therefore, BC absorption induced anomalous cyclonic circulation near the sur-
face and the corresponding northeasterlies in the eastern NCP. These changes in horizontal wind induced by
the heating effect of BC were also reported in Gao et al. [2016a].

Figure 9 shows the time series of hourly direct radiative impacts of total, absorbing, and scattering aerosols
on meteorological variables averaged over NCP during 21–27 February. Maximum changes for T2, RH2, and
PBL height occurred in the daytime (9 A.M.–6 P.M.) when themaximum reductions in shortwave flux occurred
at the surface. There were greater changes in T2, RH2, and PBL height during 21–26 February, which were

Figure 6. The 3-hourly time series of observed (black dots) and simulated (red lines) temperature at 2 m (T2; °C), relative
humidity at 2 m (RH2; %), wind speed at 10 m (WS10; m s�1), and wind direction at 10 m (WD10; deg). All parameters
are averaged over the 18 stations (see Table S1) in the NCP for 21–27 February 2014.

Table 1. Mean Bias (MB) and Normalized Mean Bias (NMB) of the Simulated Temperature at 2 m (T2; °C), Relative
Humidity at 2 m (RH2; %), and Wind Speed at 10 m (WS10; m s�1) Against the Observations at the 18 Stations in the NCPa

SIM OBS R MB NMB

T2 (°C) 2.3 4.7 0.96 �2.3 N.A.
RH2 (%) 67.5 64.4 0.82 3.1 4.8%
WS10 (m s�1) 3.2 2.0 0.84 1.2 58.6%

aThe simulated results (SIM) and observations (OBS) are the averages for the 18 stations between 21 and 27 February
2014. The correlation coefficients (R) are calculated between simulations and observations using the 3-hourly time series
of the meteorological parameters averaged over the 18 stations for 21–27 February 2014. N.A., not applicable.
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consistent with the high PM2.5 concentrations of 160–290 μg m�3 averaged over the NCP. Overall, the
impacts of scattering aerosols on meteorology were greater than those of the absorbing aerosols due to
the larger contribution of scattering aerosols to PM2.5 mass concentration. However, as shown in Figure 9,
the influence of absorbing aerosols on meteorology is important, even though BC accounts for less than
10% of the total aerosol mass concentration.

In this study, the aerosol direct radiative effects led to reductions in the shortwave flux at the surface in
Beijing by 120–180 W m�2 in the daytime, averaged over 21–27 February 2014. Our results are, to some
extent, consistent with those of Che et al. [2014], who showed that the daytime shortwave fluxes at the sur-
face in Beijing decreased by 50–200 W m�2 with observed PM2.5 concentrations of 100–500 μg m�3 during
10–15 January 2013. During 21–27 February 2014, our simulated daytime decreases in T2 in Beijing were
about 2–3.4°C, which were higher than the reductions reported by Gao et al. [2015]. Gao et al. [2015] simu-
lated the haze event in Beijing during 10–15 January 2013 and found that the mean decreases in daytime
shortwave flux at the surface were 60–100 W m�2 and the reductions in T2 were 0.8–1.6°C. The differences
between our results and Gao et al. [2015] can be explained by our higher simulated PM2.5 concentrations
(100–500 μg m�3) in Beijing during 21–27 February 2014, relative to the simulated PM2.5 concentrations of
50–250 μg m�3 in Beijing during 10–15 January 2013, in Gao et al. [2015].

In addition to the impacts on surface meteorology, aerosol direct radiative effects can induce large changes
in atmospheric stability. Figure 10 shows the changes in the vertical profiles of the equivalent potential tem-
perature (EPT) averaged over the NCP and 21–27 February 2014. Scattering aerosols cooled the surface (EPT

Figure 7. Observed (black dots) and simulated (red lines) temperature profiles in Beijing (39.9°N, 116.3°E) at 8 A.M. and
8 P.M. on 22, 24, and 26 February 2014.
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reduction of about 2.1°C), while BC warmed the upper boundary layer by approximately 0.6°C at 900 hPa,
both of which led to a more stable atmosphere. The difference in EPT between 850 hPa and the surface
(EPT at 850 hPa minus that at the surface) was larger for scattering aerosols than for absorbing aerosols,
indicating that the atmosphere was more stable with scattering aerosols alone than with just
absorbing aerosols.

4.2. Simulated Direct Radiative Impacts of Aerosols on PM2.5 and Its Components

By altering the meteorological variables, aerosols exert feedbacks onto the concentrations of aerosols and
other chemical species. Figure 11 shows the impact on surface layer aerosol components and PM2.5 by direct
radiative effects of total, absorbing, and scattering aerosols averaged over 21–27 February 2014, for NCP.

With the direct radiative effects of all aerosols, the concentration increased 1.2 μg m�3 (11.5%) for SO2�
4 ,

Figure 8. Changes in radiative flux (W m�2), temperature at 2 m (T2; °C), relative humidity (RH2; %), planetary boundary layer (PBL) height (m), and wind at 10 m
caused by the direct radiative effects of (a) total, (b) absorbing, and (c) scattering aerosols in the NCP averaged during 21–27 February 2014. The dotted areas are
statistically significant at the 95% level, as determined by a two-sample Student’s t test.
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13.4 μg m�3 (29.5%) for NO�
3 , 2.6 μg m�3 (29.6%) for NHþ

4 , 5.2 μg m�3 (28.7%) for OC, 4.6 μg m�3 (26.7%) for
BC, and 34.9 μg m�3 (20.4%) for PM2.5, as the values were averaged over the whole NCP region and 21–27
February 2014. Compared with the direct radiative effects of total aerosols, those induced by scattering
aerosols led to similar spatial distributions, but smaller magnitudes of change in the aerosol

Figure 9. Hourly time series of changes in downward shortwave flux at the surface (W m�2), temperature at 2 m (T2; °C),
relative humidity at 2 m (RH2; %), planetary boundary layer (PBL) height (m), and wind speed at 10 m (WS10; m s�1) caused
by the direct radiative effects of total, absorbing, and scattering aerosols. The hourly values were averaged in the NCP
during 21–27 February 2014. Shaded areas denote the standard deviation.

Figure 10. Changes in vertical profiles of the equivalent potential temperature (EPT) due to the direct radiative effects of
total (black), absorbing (red), and scattering aerosols (blue) averaged over the NCP and during 21–27 February 2014. The
whiskers denote the standard deviation.
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concentrations (except for SO2�
4 ). The mean increases were 1.4 μg m�3 (13.5%) for SO2�

4 , 11.2 μg m�3 (23.4%)

for NO�
3 , 2.1 μg m�3 (22.7%) for NHþ

4 , 4.2 μg m�3 (22.3%) for OC, 3.9 μg m�3 (22.1%) for BC, and 29.6 μg m�3

(16.8%) for PM2.5, respectively. With the direct radiative effect of BC, concentrations ofSO2�
4 ,NO�

3 ,NH
þ
4 , OC, BC,

and PM2.5 increased over the western and southern Hebei Province. The maximum increases were 5–20 μg
m�3 for SO2�

4 , 15–40 μg m�3 for NO�
3 , 5–25 μg m�3 for NHþ

4 , 5–20 μg m�3 for OC, 2–7 μg m�3 for BC, and
20–120 μg m�3 for PM2.5, respectively. However, the radiative effect of BC led to reductions in PM2.5 and its

components in eastern NCP, with the largest reductions of 2–15 μg m�3 for SO2�
4 , 5–30 μg m�3 for NO�

3 ,

2–15 μg m�3 for NHþ
4 , 2–10 μg m�3 for OC, 0.5–5 μg m�3 for BC, and 20–80 μg m�3 for PM2.5, respectively.

Therefore, the mean changes in aerosol concentrations due to the direct radiative effects of absorbing

aerosols, averaged over the NCP region and 21–27 February 2014, were �0.2 μg m�3 (�1.9%) for SO2�
4 ,

0.8 μg m�3 (1.3%) for NO�
3 , 0.4 μg m�3 (4.1%) for NHþ

4 , 0.7 μg m�3 (3.2%) for OC, 0.3 μg m�3 (3.1%) for BC,

Figure 11. Spatial distributions of changes in the surface layer concentrations (μg m�3) of PM2.5 and its components (SO2�
4 , NO�

3 , NH
þ
4 , OC, and BC) due to the direct

radiative effects of (a) total, (b) absorbing, and (c) scattering aerosols averaged during 21–27 February 2014. The dotted areas are statistically significant at the 95%
level, as determined by a two-sample Student’s t test.
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and 2.1 μgm�3 (1.0%) for PM2.5, respectively. These weremuch lower than the increases induced by the direct
radiative effects of scattering aerosols.

Averaged over 21–27 February the simulated changes in PM2.5 concentration due to the direct radiative effect
of total aerosols were 15–80 μg m�3 in the Beijing area, which were higher than the changes in PM2.5 of

5–40 μg m�3 in Beijing in Gao et al. [2015]. J. Wang et al. [2014] reported that SO2�
4 , NO�

3 , NH
þ
4 , OC, and BC

in Beijing averaged over 12–24 January 2013, increased by 15.2%, 20.4%, 18.5%, 30.2%, and 30.3%, respec-
tively, compared with the concentrations simulated without aerosol direct effect. Our results showed average
changes in these aerosol species in Beijing of �14.6%, 26.6%, 21.2%, 37.1%, and 38.1% over 21–27 February

2014, which were higher than the results in J. Wang et al. [2014], except for SO2�
4 . The differences between

these two studies might result from the differences in simulated PM2.5 concentrations. The simulated PM2.5

concentration in Beijing averaged over 12–24 January was 143.7 μgm�3 in J. Wang et al. [2014], while the con-
centration averaged over 21–27 February in this work was approximately 348 μg m�3.

BC and OC are chemically inert tracers that respond to changes in meteorological parameters. The percen-
tage changes in OC (BC) were 28.7% (26.7%), 3.2% (3.1%), and 22.3% (22.1%) with the direct radiative effects
of total, absorbing, and scattering aerosols, respectively, averaged over the NCP and 21–27 February 2014.
The large percentage increases in primary aerosols mainly resulted from the reduced PBL heights by total
and scattering aerosols (Figure 8). In the western NCP, PBL heights were reduced by 20–100 m due to absorb-
ing aerosols, leading to increases in BC and OC concentrations. However, BC and OC concentrations were
reduced by 0.5–5 μg m�3and 2–10 μg m�3 in the eastern NCP due to absorbing aerosols (Figure 11), which
can be attributed to the changes in atmospheric circulation in this area. As shown in Figure 8, absorbing aero-
sols induced anomalous northeasterlies that brought relatively clean air from northeastern China to the east-
ern NCP. The reductions in the concentrations of BC and OC in eastern NCP reflect the dominant role of
changes in atmospheric circulation.

For secondary aerosols (SO2�
4 , NO�

3 , and NHþ
4 ), the changes in the concentrations due to the direct radiative

effects of aerosols depended on the changes in meteorological variables and on changes in the concentra-
tions of aerosol precursors. Averaged over 21–27 February 2014, and over the NCP, percent changes in

SO2�
4 were smaller than those of primary aerosols (BC and OC) with values of 11.5%, �1.9%, and 13.5% with

total, absorbing, and scattering aerosols, respectively. In addition to the impacts on the concentrations of

SO2�
4 by changes in PBL height and atmospheric circulation, SO2�

4 formation was also influenced by the con-
centrations of oxidants (such as, OH radicals, O3, and H2O2), crustal aerosols (consisting of catalytic ions, such

as, Fe and Mn), and chemical reaction rates. High concentrations of OH radicals, SO2�
4 oxidants, and crustal

aerosols favored the formation of SO2�
4 . Furthermore, high temperatures increased the chemical reaction

rates of sulfate formation. Figure 12 shows the spatial distributions of percentage changes in concentrations
of OH radicals, H2O2, O3, HNO3, and crustal aerosols due to the direct radiative effects of aerosols. The direct
radiative effects of aerosols reduced solar radiation and the photolysis rates, leading to the inhibited forma-
tion of OH radicals, O3, and H2O2. Considering the radiative effects of scattering aerosols, the maximum

increase ofSO2�
4 in Beijing and Tianjin was 20–40% (Figure S2), which were the combined effects of enhanced

atmospheric accumulation due to reduced PBL height (Figure 8) and reduced concentrations of OH radicals

and sulfate oxidants (O3, H2O2). In contrast, SO2�
4 concentrations in the northeastern NCP reduced by 2–15 μg

m�3 caused by the direct radiative effect of absorbing aerosols. The crustal aerosol concentrations reduced
by 5–30% in Tianjin and eastern Beijing due to changes in horizontal wind (Figure 8), which suppressed the

aqueous formation of SO2�
4 . Furthermore, reductions in the concentrations of the OH radical, O3, and H2O2

contributed to the decreases in SO2�
4 in this area.

Averaged over the NCP and 21–27 February 2014, concentrations of NO�
3 increased by 29.5%, 1.3%, and

23.4% caused by the direct radiative effects of total, absorbing, and scattering aerosols, respectively. These
percentage increases due to total and scattering aerosols were slightly higher than the simultaneous
increases in primary aerosols. While the changes in PBL height had the effect of increasing concentrations
of NO�

3 , the reductions in temperature by radiative effects of total and scattering aerosols (Figure 8) favored
the formation ofNO�

3 [H. Liao et al., 2006]. In Figure S2, the percentage reductions inNO�
3 concentrations due

to BC absorption (5–40%) were higher than those of primary aerosols (5–30%) in Tianjin and east of Beijing,
which can be attributed to the decreases in HNO3 concentrations in these locations (Figure 12).
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NHþ
4 concentrations were increased by 29.6%, 4.1%, and 22.7% owing to the direct radiative effects of total,

absorbing, and scattering aerosols, respectively, averaged over 21–27 February and over the NCP. The spatial
patterns of changes inNHþ

4 were similar to those ofNO�
3 . The percentage increases due to total and scattering

aerosols were slightly larger than the simultaneous increases in primary aerosols, which can also be explained
by the enhanced formation of ammonium nitrate.

Table 2 shows the mean changes in PM2.5 concentrations due to total, absorbing and scattering aerosols dur-
ing severe haze days in the NCP. The samples were simulated daily PM2.5 concentrations over the NCP region

Figure 12. Spatial distributions of the percentage changes (%) of the surface layer concentrations of OH, H2O2, O3, HNO3, and crustal aerosols (OIN) due to the direct
radiative effects of (a) total, (b) absorbing, and (c) scattering aerosols averaged during 21–27 February 2014. The dotted areas are statistically significant at the 95%
level, as determined by a two-sample Student’s t test.
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during the haze event, which were divided into six groups based on PM2.5 concentrations in the CTRL
simulation. The percentage changes in the PM2.5 concentration due to the feedback were larger when the
surface layer PM2.5 concentrations were higher. The feedbacks were nonlinear; the percentage change in
PM2.5 concentrations with total aerosols was not equal to the sum of the change with scattering aerosols
and that with absorbing aerosols. Absorbing aerosols induced reductions in PM2.5 concentrations with
simulated PM2.5 concentrations in the CTRL simulation less than 350 μg m�3, which can be explained by
the leading role of changes in horizontal wind.

5. Uncertainties in Model Results

The results presented in the previous sections indicated that the radiative feedbacks of aerosols have large
impacts on meteorological variables and the surface layer concentrations of chemical species over the NCP
during the severe haze event. These results relied on model performance in simulating the concentrations
and optical properties of PM2.5 and its components. As shown in Figure 3, the BC concentration in Beijing
was overestimated by about onefold by the WRF-Chem model. We therefore performed CTRL_0.5BC and
noABS_0.5BC simulations to examine the sensitivity of our model results to the simulated BC concentrations.
BC emissions were reduced by 50% over the three nested model domains in these two cases, compared with
the CTRL simulation.

With BC emissions reduced by 50%, the reductions in PBL height and shortwave flux at the surface by direct
radiative effect of absorbing aerosols (CTRL_0.5BC-noABS_0.5BC) were 17.8 m and 9.8 W m�2, respectively,
averaged over NCP and 21–27 February. These were approximately one half of the impacts of absorbing aero-
sol with standard BC emissions (CTRL-noABS). The daily percentage changes in PM2.5 concentrations due to
absorbing aerosols with 50% BC emissions during severe haze days in the NCP were 4.1%, 8.9%, and 13.3%
(Table 2) when the surface PM2.5 concentrations were in the range of 350–450 μg m�3, 450–550 μg m�3, and
550–650 μg m�3, which were smaller than those for the base case (6.7%, 19.2%, and 21.6%). These results
suggest that the contributions of BC absorption to aerosol feedbacks were important, although BC accounted
for only a small fraction of the PM2.5 mass concentration.

In our study, SO2�
4 concentrations were underestimated and NO�

3 concentrations were overestimated
(section 3.2). Although the model captured well the total concentration of scattering aerosols, the responses
of sulfate and nitrate to aerosol direct radiative effects might be affected through the uncertainties in aerosol

formation. Previous studies pointed out that the production rate of SO2�
4 was high under high relative humid-

ity in the NCP in winter [Zheng et al., 2015; Gao et al., 2016b; Wang et al., 2016]. The overestimation of NO�
3

concentration could exaggerate the absolute changes in nitrate concentration due to aerosol radiative
effects. The SOA formation over the NCP in winter was not included in this study, which was also important
for haze in China [R. J. Huang et al., 2014].

Uncertainties associated with our model results also arose from the model performance in simulating PBL
height and atmospheric circulation. As shown in section 4, PBL height was underestimated in our study,
which partly explained the overestimation of PM2.5 concentrations (Figure 2) and led to larger changes in sur-
face layer PM2.5 concentrations by aerosol radiative feedbacks. Furthermore, WS10 was overestimated by

Table 2. Mean Changes in PM2.5 Concentrations (μg m�3) Due To Total, Absorbing and Scattering Aerosols During Severe Haze Days in the NCPa

Daily PM2.5 Concentrations (μg m�3)

150–250 250–350 350–450 450–550 550–650 650–750

Absorbing aerosols (μg m�3) �13.2 (�6.4%) �2.7 (�0.9%) 26.1 (6.7%) 94.9 (19.2%) 126.7 (21.6%) 166.8 (24.0%)
Scattering aerosols (μg m�3) 20.7 (10.1%) 38.0 (12.8%) 77.7 (19.9%) 167.3 (33.8%) 198.9 (33.9%) 269.8 (38.8%)
Total aerosols (μg m�3) 16.1 (7.8%) 45.6 (15.4%) 101.8 (26.1%) 209.2 (42.3%) 269.7 (45.9%) 378.4 (54.4%)
Absorbing aerosols with 50% BC emissions (μg m�3) �7.0 (�3.4%) �4.4 (�1.5%) 16.0 (4.1%) 44.3 (8.9%) 78.4 (13.3%) 111.2 (16.3%)
Number of samples (Percentage of samples) 6470 (45.2%) 5234 (36.6%) 1907 (13.3%) 470 (3.3%) 153 (1.1%) 72 (0.5%)

aSevere haze days are defined as days with daily PM2.5 concentrations larger than 150 μg m�3, following Cai et al. [2017]. The samples are daily PM2.5 concen-
trations over the NCP region during 21–27 February and are divided into six groups based on PM2.5 concentrations in the CTRL case. The changes in PM2.5 con-
centrations due to BC radiative effects with 50% BC emissions are also represented. The percentage changes are denoted in the brackets. Number of samples in
each group and the corresponding proportion of samples in each group to those in six groups are also presented.
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58.6% in the NCP during 21–27 February 2014, which also contributed to the simulated aerosol radiative
feedbacks on the surface layer concentrations of air pollutants.

6. Conclusions

In this study, we examined the feedbacks of aerosol direct radiative effects onto PM2.5 and its components in
the NCP during a severe haze event in 21–27 February 2014, using the online-coupled regional chemistry-
climate model, WRF-Chem. Sensitivity studies were carried out to quantify the roles of the radiative effects
of scattering and absorbing aerosols separately and together.

During the severe haze event in 21–27 February 2014, the observed PM2.5 concentrations had a mean value
of 202.7 μg m�3 over NCP and highest values of 300–400 μg m�3 in the western Hebei Province.
Observations showed high T2 and RH2 values, whereas lowWS10 during 21–26 February, favoring the forma-
tion of the haze event. Model evaluation showed that the WRF-Chem model reproduced the temporal varia-
tion of surface layer meteorological parameters well in the NCP with Rs of 0.96, 0.82, and 0.84 for T2, RH2, and
WS10, respectively. However, it overestimatedWS10 by 58.6%. Comparisons of simulated and observed aero-
sol concentrations in the NCP during 21–27 February showed that the WRF-Chemmodel captured the spatial
and temporal variations of PM2.5 concentrations over the NCP during 21–27 February with a R of 0.85, but
overestimated the concentrations by 21.7%. For aerosol components, the model underestimated concentra-

tions of SO2�
4 by about 66% and overestimated BC concentrations by approximately onefold in Beijing during

24–27 February.

In the simulation results averaged over NCP and 21–27 February 2014, the direct radiative effects of total,
absorbing, and scattering aerosols reduced the shortwave radiation fluxes at the surface by 54.6 W m�2,
18.0 W m�2, and 36.1 W m�2, respectively. The T2 values were reduced by 1.7°C, 0.2°C, and 1.6°C, and the
PBL heights were reduced by 111.4 m, 35.7 m, and 70.7 m, respectively. The changes in meteorological vari-
ables induced by scattering aerosols were greater than those due to absorbing aerosols. While scattering
aerosols had a small impact on wind in the NCP, absorbing aerosols induced strong anomalous northeaster-
lies in the eastern NCP.

The direct radiative effects of aerosols caused feedbacks onto the concentrations of chemical species
through the above changes in meteorological parameters. With the direct radiative effects of total aerosols,
aerosol concentrations over the NCP during 21–27 February 2014 showed average increases of 11.5% for

SO2�
4 , 29.5% for NO�

3 , 29.6% for NHþ
4 , 28.7% for BC, 26.7% for OC, and 20.4% for PM2.5, respectively. The

increases in primary aerosols (BC and OC) were mainly caused by the changes in PBL height and atmospheric
circulation. The changes in secondary aerosols were also related to changes in chemical reaction rates and

the concentrations of precursors and oxidants. For example, the maximum increase of SO2�
4 in Beijing and

Tianjin was 20–40%, as a result of the combined effects of enhanced atmospheric accumulation due to
reduced PBL height and reduced concentrations of OH, O3, and H2O2. The changes in the concentrations

of SO2�
4 , NO�

3 , NH
þ
4 , OC, BC, and PM2.5 due to the direct radiative effects of absorbing aerosols, averaged over

the NCP and 21–27 February, were �0.2 μg m�3 (�1.9%), 0.8 μg m�3 (1.3%), 0.7 μg m�3 (4.1%), 0.7 μg m�3

(3.2%), 0.3 μg m�3 (3.1%), and 2.1 μg m�3 (1.0%), respectively. These are much lower than the increases
induced by the direct radiative effects of scattering aerosols. The decreases in PM2.5 concentrations in eastern
NCP were attributed to the anomalous northeasterlies that transport relatively clean air from northeastern
China to the eastern NCP.

By sampling the simulated daily PM2.5 concentrations over the NCP during 21–27 February 2014, the model
results showed that the percentage increases in PM2.5 concentration due to the feedback were greater as the
surface layer PM2.5 concentrations were higher. The feedback effects of absorbing aerosols were found to
either decrease or increase PM2.5 concentrations depending on the leading role of BC-induced changes in
horizontal wind and PBL heights.
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