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18 Abstract.

19  Vertical profiles of black carbon (BC) play a critical role in BC-meteorology interaction
20  which influences PMys (particulate matter with a diameter of 2.5 pum or less)
21 concentrations. In this study, we used the Weather Research and Forecasting with
22 Chemistry model (WRF-Chem) coupled with an improved integrated process (IPR)
23 analysis scheme to investigate the direct radiative effect (DRE) of BC with different
24 vertical profiles on meteorology and PMa s concentrations in Beijing during two severe
25  haze events (11-12 December 2016 and 16-19 December 2016). The vertical profiles
26 of BC in Beijing collected by King-Air350 aircraft can be classified into two types:
27  the first type was characterized by decreases in BC concentration with altitude, which
28  was the case mainly controlled by local emissions; the second type had maximum BC
29  concentration around 900 hPa, which was mainly affected by regional transport from
30 the polluted south/southwest region. Compared with measurements in Beijing, the
31  model overestimated BC concentrations by 87.4 % at the surface and underestimated
32 BCmass by 14.9 % at altitudes of 300-900 m altitude as averaged over the two pollution
33  events. The BC DRE with the default vertical profiles from the model heated the air
34  around 300 m altitude but the warming would be stronger when BC vertical profiles
35  were modified for each day using observed data during the two severe haze events.
36 Accordingly, compared to the simulation with the default vertical profiles of BC,
37  planetary boundary layer heights (PBLH) were reduced further by 24.7 m (6.7%) and
38 6.4 m (3.8%) in Beijing and simulated PM> 5 concentrations were higher by 9.3 ug m™

39 (4.1%) and 5.5 pg m™ (3.0%) over central Beijing in the first and second haze events,
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respectively, with modified vertical profiles. Furthermore, we quantified by sensitivity
experiments the roles of BC vertical profiles with six exponential decline functions
(C(h)=Coxe™" and hs=0.35, 0.48, 0.53, 0.79, 0.82 and 0.96) parameterized on the basis
of the observations and the vertical profile dominated by regional transport. A larger As
leads to a sharper decline of BC concentrations with altitude (less BC at the surface and
more BC in the upper atmosphere), resulting in a stronger cooling at the surface (+0.21
with /s 0£0.35 vs. -0.13 °C with As 0 0.96) and hence larger reductions in PBLH (larger
BC-induced increases in PM2 5). Relative to the simulation without BC DRE, the mean
PM> 5 concentrations were increased by 5.5 pg m (3.4%) and 7.9 ug m (4.9%) with
BC DRE when As values were 0.35 and 0.96, respectively. Our results indicate that it is
very important to have accurate vertical profiles of BC in simulations of meteorology

and PM s concentrations during haze events.
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53 1. Introduction

54 With the rapid economic development and large increases in fossil energy
55  consumption, haze pollution has become one of the most serious challenges in China,
56  especially in the Beijing-Tianjin-Hebei (BTH) region (Wang et al., 2015; Zhang et al.,
57  2019). In 2014 and 2015, the numbers of extremely serious PMy 5 (particulate matter
58  with an aerodynamic equivalent diameter of 2.5 um or less) pollution days (with daily
59  mean PMys > 150 ug m™) in Beijing reached 45 and 54, respectively (He et al., 2017).
60  The real-time hourly average concentration of PM2s in Beijing even reached 1000 pg
61 m> during the severe haze events in January 2013, far exceeding the Chinese Ambient
62  Air Quality Grade I Standards (35 pg m™ for daily mean PM> s) (Liu et al., 2017). With
63 the implementation of the toughest-ever clean air policy since 2013, the observed
64  annual mean PM; s concentrations averaged over 74 cities in China fell from 61.8 pg
65 m>in 2013 to 42.0 pg m> in 2017 (Zhang et al., 2016; Wang et al., 2017a; Li et al.,
66  2019; Zhang et al., 2019). However, severe haze events still occurred in Beijing during
67 the COVID-19 lockdown period (January-February 2020) (Huang et al., 2020; Zhu et
68 al., 2020). Therefore, understanding the mechanisms responsible for the occurrence of
69  severe haze is important for air quality management planning.

70 BC, an important component of PMas, is emitted mainly from the incomplete
71 combustion of fossil fuel, biofuel, and biomass burning. BC particles can strongly
72 absorb solar radiation in the atmosphere, which alters the Earth’s radiation balance
73 (Bond et al., 2013; Huang et al., 2015; Hu et al., 2020). In recent years, researchers

74 have found that the radiative effect of BC significantly affects the structure of planetary
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boundary layer (PBL) during severe haze pollution events (Ding et al., 2016; Huang et
al., 2018; Wang et al., 2018; Liu et al., 2019). Ding et al. (2016) illustrated by using the
Weather Research and Forecasting model coupled with Chemistry (WRF-Chem) that
BC suppressed the development of PBL by heating the air in the upper PBL and
reducing the solar radiation at the surface in Beijing in December 2013. This process
was defined as the “dome effect” of BC by Ding et al. (2016). This “dome effect” was
also found over the Indian Ocean (Wilcox et al., 2016). BC can also change the land-
sea thermal contrast and induce circulation anomalies during severe haze events (Gao
etal., 2016b; Qiu et al., 2017; Ding et al., 2019a; Chen et al., 2021). Ding et al. (2019a)
showed by using the WRF-Chem model that, during a haze event in December 2013,
the direct radiative effect (DRE) of BC enhanced advection between land and sea by
causing a cooling (-1.0 °C) in air temperature over land and a warming (+0.8 °C) in air
temperature over sea, which transported moist air from the sea to the Yangtze River
Delta region. Qiu et al. (2017) and Chen et al. (2021) also reported by using the WRF-
Chem model that the radiative effect of BC induced strong anomalous northeasterly
winds from the sea during a haze event in North China Plain (NCP) in February 2014.

BC can influence concentrations of PM> 5 during haze events because of its impact
on PBL and other meteorological fields (Gao et al., 2016b; Wilcox et al., 2016; Miao et
al., 2017; Qiu et al., 2017; Gao et al., 2018; Wang et al., 2019; Chen et al., 2021). Gao
et al. (2016b) used the WRF-Chem model to simulate the haze event that occurred in
the NCP in January 2010 and found a maximum increase in PMa s of 14.4 ug m™ (5.1%)

due to the DRE of BC. Qiu et al. (2017) also analyzed the impact of BC on surface-
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layer PM2.s during a haze pollution in NCP in February of 2014 by using the WRF-
Chem model and found that the average PM> s concentration increased by 2.1 ug m™
(1.0%) owing to the DRE of BC. Chen et al. (2021) analyzed, by using the WRF-Chem
model, the DRE from the aging of BC and its impact on PM2 5 concentration over the
BTH region during a haze event in February 2014. They found that the near-surface
PM, 5 concentration average over BTH increased by 9.6 ug m™ (7.0%) due to the aging
of BC.

So far few studies examined the impacts of vertical distributions of BC aerosol on
meteorology and PM» s concentrations. Wang et al. (2018) examined the role of BC at
different altitudes in influencing PBL height (PBLH) by considering a single column
using the WRF-Chem version 3.6.1. They divided the height from 150 to 2250 m evenly
into 7 layers and increased BC concentrations from 0 to 30 ug m™ with an increment of
2 ug m* at one of the layers with the BC concentrations at the other layers fixed to 0
pg m>. Model results showed that the near-surface BC could increase PBLH by 0% -
4%, while BC aloft would decrease PBLH by 2% - 16% due to the warming of
atmosphere by BC. Current chemistry-climate models were reported not to be able to
represent the BC vertical profiles accurately, so sensitivity studies were carried out to
adjust vertical profiles of BC in the model by changing the vertical resolution, aerosol
microphysical scheme and emission height (Wang et al., 2019; Yang et al., 2019;
Watson-Parris et al., 2019).

In recent years, measurements of BC vertical distribution have been conducted by

aircraft during the severe haze events in Beijing, using a single particle soot photometer
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(SP2) (Zhao et al., 2018; Tian et al., 2019; Zhao et al., 2019; Tian et al., 2020; Liu et
al., 2020). During the period of severe pollution from 11 to 19 December 2016, Zhao
et al. (2019) collected BC vertical profiles over Beijing by Air350 aircraft and found
that the vertical profiles can be classified into two types. The first type was
characterized by decreases in BC concentration with altitude, which was the case
mainly controlled by local emissions. The second type had maximum BC concentration
around 900 hPa, which was mainly affected by regional transport from the polluted
south/southwest region. Generally, the first type occurred more frequently than the
second type during haze events in Beijing. Observations of vertical profiles of BC in
severe haze events over Beijing in 2018 by a King-Air350 aircraft by Ding et al. (2019b)
also obtained the same types of profiles.

In this work, we use the BC vertical profiles observed during two severe haze
events (11-12 December 2016 and 16-19 December 2016) over Beijing and the online-
coupled WRF-Chem model to investigate the DRE of BC vertical profiles on
meteorology and PM3 s concentrations. Compared with previous studies that examined
the impact of BC on meteorology and PMz s, our study is the first to pay attention to the
role of BC vertical profile as well as the underlying mechanism. The description of the
model, observational datasets and numerical experiments are presented in Section 2.
Section 3 evaluates simulated meteorological and chemical variables by comparing
with observations. Section 4 compares of the DRE of BC with original and modified
vertical profiles, and Section 5 discusses the role of BC vertical profiles in influencing

meteorological parameters and PM» 5 concentrations. The conclusions of this study are
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141 given in Section 6.

142

143 2. Method

144 2.1 Model configuration

145 A fully coupled online Weather Research and Forecasting with Chemistry model
146 (WRF-Chem version 3.7.1) (Grell et al., 2005; Skamarock et al., 2008) was employed
147  to simulate the two severe haze events in Beijing from 7 to 20 December 2016 and the
148  initial 4 days are spin-up. This model adopts Lambert projection and two nested
149  domains with grid resolutions of 30 km (domain 01) and 10 km (domain 02). Figure 1
150  shows that the outer domain covers the most of China with 100 (west-east) x 100
151  (south-north) grid cells and the second domain covers the BTH region with 58 (west-
152 east) x 76 (south-north) grid cells. The number of vertical layers is 29 with the first 15
153 layers below 2 km for finer resolution in the PBL. Meteorological initial and boundary
154  conditions in this model were derived from global reanalysis data (1°x1°) of NCEP
155  (National Center for Environmental Prediction). MOZART-4 (Model for Ozone And
156  Related chemical Tracers-4) simulation results provided the initial and lateral boundary
157  conditions for the concentrations of chemical species in our model (Emmons et al.,
158  2010).

159 Anthropogenic emission data in year 2016 were obtained from the MEIC inventory
160  with a spatial resolution of 0.25° x 0.25° (Zheng et al., 2018). This inventory includes
161  sulfur dioxide (SO2), nitrogen oxides (NOy), carbon monoxide (CO), non-methane

162  volatile organic compounds (NMVOC), ammonia (NH3), BC, organic carbon (OC),
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PMas, PMio and carbon dioxide (CO;), which were categorized into agriculture,
industry, residence, transport and power generation sectors (Li et al., 2015). The
biogenic emissions were calculated online using the MEGAN (Model of Emissions of
Gases and Aerosol from Nature), including isoprene, terpene and other substances
emitted by plants (Guenther et al., 2006). Biomass burning emissions were taken from
the Fire Inventory from NCAR (FINN) datasets (Wiedinmyer et al., 2011).

The parameterization schemes of physical and chemical processes of WRF/Chem
model adopted in the study are summarized in Table 1. The Carbon-Bond Mechanism
version Z (CBMZ) is chosen to simulate the gas-phase chemistry. The aerosols scheme
is the Model for Simulating Aerosol Interactions and Chemistry (MOSAIC) which
includes sulfate, nitrate, ammonium, chloride, sodium, BC, OC and other inorganic
aerosol, and the aerosol particles are divided into 8 particle size segments. However,
the formation of secondary organic aerosol is not considered in this scheme (Zhang et
al., 2012; Gao et al., 2016a). In MOSAIC, the aerosol particles are assumed to be
internal mixture and aerosol optical properties are calculated by the volume averaging
mixing method (Barnard et al., 2010; Stelson 1990). The choice for photolysis schemes
is Fast-J photolysis scheme.

2.2 Integrated process rate (IPR) analysis

The IPR analysis has been widely applied to illustrate the impacts of each
physical/chemical process on the variations in Oz concentrations (Zhang and Rao, 1999;
Jiang et al., 2012; Gao et al., 2017; Gao et al., 2018). The improved IPR analysis method

developed by Chen et al. (2019) in WRF-Chem model is used in this work to
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quantitatively analyze the contributions of physical/chemical processes to PMazs
concentrations, including the contributions from the sub-grid convection (CONV),
vertical mixing (VMIX), chemistry (CHEM), regional transport (TRA), wet scavenging
(WET), emission source (EMI) and other processes (OTHER). CONV refers to the
transport within the sub-grid wet convective updrafts (Chen et al., 2019) and VMIX is
affected by atmospheric turbulence and vertical distribution of PM» 5 concentrations
(Zhang and Rao, 1999; Gao et al., 2018). CHEM represents PM2 5 production and loss
including gas-phase, cloud and aerosol chemistry. TRA is caused by advection, which
is highly related to wind and horizontal distribution of PM>.s concentrations (Gao et al.,
2018; Chen et al., 2019). WET represents the wet removal processes of aerosols. EMI
is controlled by emission source. OTHER represents the processes other than the above
6 processes in the model. The NET is the sum of all physical and chemical processes,
which matches the variations in PM> s concentrations. It is worth noting that each IPR
variable is an accumulated value which is the sum of each time step.
2.3 Observational data

To evaluate the model performance in simulating near-surface meteorological
fields, the observed hourly temperature at 2 m (T2), relative humidity at 2 m (RH2),
wind speed at 10 m (WS10) and wind direction at 10 m (WD10) at Beijing station are
collected from NOAA’s National Climatic Data Center

(http://gis.ncdc.noaa.gov/maps/ncei/cdo/hourly). The 3-hourly planetary boundary

layer (PBL) heights for Beijing were obtained from the Global Data Assimilation
System (GDAS) (http://ready.arl.noaa.gov/READYamet.php). The radiosonde data
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(temperature and relative humidity profiles) in Beijing were obtained from the
University of  Wyoming, Department of  Atmospheric Science

(http://weather.uwyo.edu/upperair/sounding.html). Hourly concentrations of PMa s, CO,

NOz, SO; and O3 at Beijing Station were obtained from the China National

Environmental Monitoring Center (CNEMC, http://www.cnemc.cn/), which were used

to evaluate the model performance in simulating pollutants at the surface. Aerosol
optical depth (AOD) at 550 nm over China retrieved from MODIS (Moderate
Resolution Imaging Spectroradiometer) satellite was used to evaluate the horizontal
distribution of simulated optical properties of aerosols in this study

(https://ladsweb.modaps.eosdis.nasa.gov/). The values of daily aerosol optical depth

(AOD) at 500 nm and 675 nm in Beijing were obtained from the AERONET data set

(https://aeronet.gsfc.nasa.gov/).

The vertical profiles of BC mass concentrations in Beijing were collected by King-
Air350 aircraft using SP2 during 11-12 and 16-19 December 2016. The aircraft
departured from Shahe (~20 km to the central Beijing) (Fig. 1) at 12:00-13:00 local
time (LT) and returned during 15:00-16:00 LT, which avoided the possible diurnal
variation of the PBL among flights. Most flights could reach 2.5 km. Zhao et al. (2019)
reported that these vertical profiles of BC could be expressed as an exponential decline
function C(h) = Coe_% except 11 December 2016, where C(h) (ug m>) is BC
concentration at altitude / (km), Cp (ug m™) is BC concentration at the surface, and
each hs value is calculated for each flight of BC vertical profile using nonlinear
regression (Table S1). Tian et al. (2019) observed a regional transport of pollution in

11

Atmospheric
Chemistry
and Physics

Discussions



https://doi.org/10.5194/acp-2021-611
Preprint. Discussion started: 6 September 2021
(© Author(s) 2021. CC BY 4.0 License.

229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249

250

Beijing from 10 to 12 December 2016 using SP2 and they found a different vertical
structure of BC from that of Zhao et al. (2019), with the BC concentration at the
altitudes of 400-900 m being 1.5 times higher than the near-surface BC concentration
on 11 December 2016. More detailed information about King-Air350 aircraft dataset
can be found in Zhao et al. (2019), Ding et al. (2019b) and Tian et al. (2019).
2.4 Numerical experiments

To compare the DRE of BC with original and corrected vertical profiles and
quantify the role of BC vertical profiles in influencing meteorological conditions and
air pollutants, we performed the following numerical experiments as summarized in
Table 2.
1. CTRL: The control simulation with the direct and indirect radiative effects of all
aerosols (BC, OC, sulfate, nitrate, ammonium, Na*, Cl" and OIN) included for the time
period of 11-20 December 2016. The vertical profiles of BC were the default ones
simulated by the model.
2. NoBCrad: The same as the CTRL simulation, except that the DRE of BC was turned
off.
3. VerBC _obs: The same as the CTRL simulation, except that the BC vertical profiles
in the model were modified according to the observed ones. The specific method will
be discussed below.
4. VerBC_hs1-6: The same as the CTRL simulation, except that the vertical profiles of
BC in the model were modified according to the exponential decline function
(C(h)=Cpxe™"). The values of hs in VerBC_hs1 to VerBC_hs6 were 0.35 to 0.96 (from

12

Atmospheric
Chemistry
and Physics

Discussions



https://doi.org/10.5194/acp-2021-611
Preprint. Discussion started: 6 September 2021
(© Author(s) 2021. CC BY 4.0 License.

251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271

272

small to large), respectively.

5. VerBC_RT: The same as the VerBC_hs1-6 simulations, except that the BC vertical
profiles in the model were modified according to the observed transport BC vertical
profile on 11 December 2016 which was affected by regional transport.

In the case of NoBCrad, the BC DRE was turned off by setting the BC mass
concentration equal to zero when calculating the optical properties of BC, following the
studies of Qiu et al. (2017) and Chen et al. (2021). In VerBC obs experiment, we
modified the simulated BC vertical profile online using the observed BC vertical profile
on the corresponding day. Firstly, we interpolated the observed BC concentrations to
the height of each layer in the model as Cops ini). Each layer in the model has a top
height and a bottom height and we selected the middle height of this layer for
interpolation. Secondly, we used Cops i) to calculate the BC mass column burden in
each layer (Moss_in») in the model, and Poss ini) 18 the percentage of BC mass column
burden in each layer to the total BC mass column burden (Fig. S1) calculated by
Mops_intiy = Cobs_int(i) * (Hsim_top(i) — Hsim_pot(i)) (D
where Hsim_iwopg) 18 the top height of layer i and Hiim_por) 1 the bottom height of layer i.
Pobs.int(t) = grmet— x 100% @)

i=1 Mobs_int(i)
In the VerBC_obs simulation, the simulated BC mass column burden was redistributed
to each layer below 2.5 km according to the calculated Poss in)). These procedures
ensure that the modification of BC vertical profile for each day in the model by using
the observed data does not change the total BC mass column burden. Since the aircraft

13
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measured only BC concentrations below 2.5 km, we modify BC profile up to the 16th
model layer (about 2.5 km in Beijing).

In the experiment of VerBC hs1, we also used the above method to modify the BC
vertical profile by an exponential decline function which is C(h)=Coxe™*. However,
in cases of VerBC hs1~6, we modified for the dates of 12 and 16-19 December. On
December 11, BC did not show an exponential decline with height due to the regional
transport. In simulation of VerBC RT, the method and setting were the same as
VerBC_hs1~6, except that the BC vertical profile in the model was modified according
to the observed one on 11 December 2016. In VerBC_obs, VerBC hsl~6 and
VerBC_RT cases, the steps of modifying BC vertical profiles were performed only
when the direct radiative forcing of BC was calculated. All other physical and chemical
processes still used the original BC vertical profiles simulated by the model.

3 Model evaluation
3.1 Near-surface air pollutants and BC vertical profiles

Figures 2a-2i show the horizontal distributions of simulated near-surface PMx s
concentrations at 2 pm LT from 11 to 19 December 2016. In BTH, high PMazs
concentrations of 138.4 and 90.8 ug m™ occurred on December 11 and 12, respectively.
The severe pollution on December 11 was caused by regional transport from the
southern heavily polluted area under a prevailing southerly air flow (Tian et al., 2019).
From December 16, PM,s started to accumulate in the eastern China and the
concentrations of PMys reached highest value of 153.4 pg m™ on 18 December
averaged over the BTH region. The daily PM» 5 concentrations (Fig. 2j) in Beijing had

14
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low values during 13-15 December 2016. The severe pollution during 16-19 December
2016 was mainly affected by local emissions. We are mainly focused on the two heavy
pollution incidents (11-12 and 16-19 December 2016) in the following sections.
Results from the CTRL simulation were compared with the observed hourly
surface concentrations of PMa.s5, NOz, O3, CO and SO; during 11-19 December 2016 in
Beijing in Fig. 3. The observed maximum PMz s concentration of 219.5 pg m™ occurred
on December 18, far exceeding the national air quality standard for daily PMa2s of 75
pug m3> (Wang et al, 2017a). The correlation coefficient (R), mean bias (MB),
normalized mean bias (NMB) and mean fraction bias (MFB) are summarized in Table
3. The model can reasonably reproduce the temporal variations of PM2 s, NO», O3 and
CO; the correlation coefficients between simulated and observed hourly concentrations
are 0.77, 0.78, 0.66 and 0.73, respectively. The correlation coefficient for SO is lower
(0.38). Gao et al. (2016b) explained that WRF-Chem model cannot represent well the
SO> concentration and its change with time due to the uncertainty in SO emissions and
missing heterogeneous oxidation. Compared with observations, the model
overestimates the concentrations of PM» s and NO; in Beijing with the MBs and NMBs
of (13.2 ug m>, 10.0%) and (8.5 ppbv, 21.6%), respectively, and underestimates the
concentrations of O3z (-0.1 ppbv, -1.2%) and CO (-0.1 ppmv, -4.9%). Overall, the model
can capture the two severe pollution events in Beijing during 11-19 December 2016.
Because of the lack of measured BC vertical profiles from 13-15 December 2016
in Beijing, Figure 4 compares only the simulated vertical profiles of BC with
observations for the two polluted events (11-12 and 16-19 December 2016). Observed
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mass concentrations of BC decreased exponentially with altitude in all days except for
December 11 when regional transport of pollution dominated. On December 11, the
observed maximum mass concentration of BC (7.0 ug m™) occurred at 850 m altitude,
which was much higher than the surface-layer concentration of 4.7 pg m=. Compared
with the observed vertical profiles of BC, the model can well represent the decreases of
BC mass concentration with height on December 12 and 16-19, but cannot reproduce
the vertical profile on December 11. Averaged over the two pollution events, the
simulated BC mass concentration was overestimated by 87.4% on the ground and
underestimated by 33.1% at altitude of 1000 m compared with the observations in
Beijing. The inaccuracy of the vertical distribution of BC would lead to inaccurate
representation of the interactions between BC and PBL, especially in heavily polluted
events.
3.2 Meteorological parameters

On December 12-16 and 18-19, Beijing was mainly controlled by northerlies and
northwesterlies, which transported clean air mass to Beijing. On December 11 and 17,
southwesterlies brought polluted air to Beijing, as shown in Fig. 2. Nevertheless, the
average wind speed in Beijing was 5.1 m s™' at 850 hPa on December 17, which was
much smaller than 11.0 m s! at 850 hPa on December 11, which explains that Beijing
was less affected by the regional pollution transport on December 17. Figure 5 shows
the hourly simulated and observed T2, RH2, WS10, WD10 and PBLH in Beijing from
11 to 19 December 2016. The statistical metrics are summarized in Table 3. In the two
severe haze events, the observed maximum RH2 in each day exceeded 70.0%, which
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accelerated the formation of secondary aerosols (Sun et al., 2006; Wang et al., 2014).
Compared with the observations, the model can well represent the temporal variation
of T2 and RH2 with correlation coefficients of 0.77 and 0.75, respectively, but slightly
overestimates T2 with a MB of 0.1 °C and underestimates RH2 with a MB of 3.4%. For
WS10, observations and simulated results both show low wind speed with the mean
values of 1.5 and 1.4 m s in Beijing during the two periods of haze events. Such
meteorological condition was very beneficial to the accumulation of near-surface
pollution. The WRF-Chem model also captures the high values of WS10 from 14 to 15
December. For wind direction at 10 m, the NMB is -9.0% and the R is 0.45, which
indicates that the model can simulate the change of wind direction during the period of
heavy pollution. For PBL, the observed PBL was 118.7 m during the two severe haze
events, compared to 287.5 m during the clean period. The model can represent the
change of PBLH in Beijing from 11 to 19 December 2016 with R of 0.72. However, the
model overestimates the PBLH by 30.9 m (17.7%) in Beijing averaged over 11-19
December 2016.

The simulated and observed vertical profiles of temperature in Beijing during 11-
19 December 2016 are shown in Fig. S2. The observed temperature vertical profiles are
available only at 8:00 and 20:00. During the two severe pollution events, strong
temperature inversions below 1500 m were observed in Beijing, which inhibited
vertical mixing and caused the accumulation of pollutants near the ground. The model
captures these temperature inversions well but overestimates the inversion layer height
on December 11 and underestimates the inversion layer height from 16 to 19 December.
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The inaccuracy of the simulated inversion layer height may be due to the fact that the
model cannot correctly represent the vertical profiles of BC (Fig. 4).
3.3 A0D and AAOD

AOD (AAOD) is the measure of aerosols (absorbing aerosols) distributed within a
column of air from the surface to the top of the atmosphere (Khor et al., 2014). Figure
S3 shows the horizontal spatial distributions of observed and simulated AOD at 550 nm
over the NCP averaged over 11-19 December 2016. The model can well simulate the
horizontal distribution of AOD, with a spatial correlation coefficient of 0.89. However,
the model underestimates AOD over the NCP region. Many previous studies have
shown that MODIS retrieval tends to overestimate AOD over NCP (Li et al., 2016; Qiu
etal., 2017). We also compared the simulated hourly AAOD at 550 nm with AERONET
AAOD in Beijing and Xianghe station in Fig. 6. The correlation coefficient between
simulations and observations is 0.85. Compared with AERONET AAOD, simulated
AAOD values at Beijing and Xianghe are overestimated by 0.02 (33.3%) and 0.02
(39.9%), respectively.
4. A comparison of BC DRE with original and modified vertical
profiles

As shown in Fig. 4, the model does not represent well the vertical distribution of
BC concentrations during the two heavily polluted events, especially on December 11.
So, in this section, we examine the differences in the BC DRE on meteorology and
concentrations of pollutants with the original and modified vertical profiles.
4.1 Direct radiative effect of BC on meteorology
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Figure 7 shows the atmospheric temperature and PBLH simulated from the CTRL
simulation and their changes caused by BC DRE with original profiles (CTRL minus
NoBCrad) and modified profiles (VerBC_obs minus NoBCrad), over Beijing from 11
to 19 December 2016. Light-absorbing BC heated the air at around 300 m on December
11 and 16-19, regardless of the original or modified BC vertical profiles (Fig. 7b and
7¢). With the original and modified BC profiles, the maximum warming effects in the
PBL were 0.8 °C and 0.9 °C, respectively, at 14:00 LT on December 18. Although BC
concentration was the highest at the surface, the largest increase in temperature
occurred in the upper layers because of the stronger shortwave absorption efficiency of
BC at higher altitude (Ding et al., 2016; Wang et al., 2018). The warming at around 300
m resulted in a more stable stratification, thereby weakening convective motions (Gao
et al., 2018). The largest reductions in PBLH were 133.8 m (28.0%) at 14:00 LT on
December 12 and 141.2 m (59.0%) at 14:00 LT on December 18 in Beijing with original
and modified BC vertical profiles, respectively. On December 11 when regional
transport of pollution dominated, relative to the simulation with original BC profile,
simulated air temperature with modified profile was lower by about 0.5 °C within the
PBL (Fig. 7d), which was caused by the observed maximum mass concentration of BC
around 850 m altitude (Fig. 4a). Correspondingly, the maximum reduction in PBLH of
74.2 m was also simulated on December 11. On December 16-19 when local emissions
dominated, compared the effects of original BC profiles, the air temperatures at around
300 m were all higher with modified BC. The largest difference of +0.1 °C was
simulated in the PBL on December 18 (Fig. 7d).
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The spatial distribution of 10-m winds averaged over the two severe haze events is
shown in Fig. S4. When the BC DRE was not considered in NoBCrad simulation, the
overall wind speed in Beijing was weak with a mean value of 3.6 m s™', which made it
difficult for local emissions to diffuse. The westerlies in the central part of NCP brought
relatively clean air to Beijing. Compared to the baseline of NoBCrad, the BC DRE with
original and modified vertical profiles both enhanced the northerlies north of NCP and
weakened the wind speed in central and southern Beijing.

4.2 Direct radiative effect of BC on PM:s concentration

By altering the meteorological conditions, BC exerts feedback onto PMas
concentrations. Figure 8 shows the spatial distributions of changes in near-surface
PM: 5 induced by BC DRE with original (CTRL minus NoBCrad, Figs. 8al-8a2) and
modified (VerBC_obs minus NoBCrad, Figs. 8b1-8b2) vertical profiles, as well as the
differences between VerBC_obs and CTRL (VerBC_obs minus CTRL, Figs. 8c1-8c2)
over Beijing in the two haze events. Because of the differences in BC-induced changes
in air temperature, wind field, and PBLH, changes in near-surface PM> s concentrations
in the northern and southern Beijing were different. In the first haze event of 11-12
December, although PBLH was reduced in the northern Beijing due to BC DRE,
enhanced northerlies brought in relatively clean air to northern Beijing, leading to
decreases in near-surface PMa s concentrations with maximum values of 12.5 pg m™
(9.4%) and 10.6 pg m (8.0%) in this region with the original and modified BC vertical
profiles, respectively. Nevertheless, PM2 5 concentrations increased by up to 17.8 pg m-
3 (6.6%) and 24.0 pg m™ (9.3%) in the southern Beijing due to BC effect with original
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and modified vertical profiles, respectively. In the second haze event of 16-19
December, the near-surface PM» s concentrations increased in most areas of Beijing
with both vertical profiles. Compared to the simulation with the original profiles, the
modified profiles of BC led to larger increases in PMa s concentrations over Beijing,
and the maximum differences in PM 5 were simulated over central Beijing, which were
9.3 pgm (3.6%) and 5.5 pg m (3.1%) in the first and second haze events, respectively.

To explain the changes in near-surface PM2.s concentrations in Beijing due to BC
effects, we carried out process analysis for PMz s for 12:00-18:00 of each day when the
DRE of BC is the largest (Figs. 8a3, 8b3, and 8c3). From 11 to 19 December 2016,
VMIX had dominant positive contribution to changes in PM» s concentration, which
reached the maximum contributions of 32.4 ug m> and 33.9 ug m on December 18
with original and modified BC vertical profiles, respectively. The vertical mixing was
strongly restrained by PBLH, therefore, the decreases in PBLH caused accumulation of
PM, s in the lower layers. Meanwhile, CHEM contributed 4.8 pg m= and 6.1 pg m> to
PM> s changes because more aerosol precursors restrained in the boundary layer led to
the formation of secondary particles. TRA was the major process that had negative
contribution to the changes in PMzs, which can be explained by the enhanced
northerlies in the central part of NCP due to BC effects as shown in Fig S4. Relative to
the case with original BC vertical profiles, VMIX and CHEM contributions increased
largely with modified profiles, with increases of 8.6 pg m™ (6.5%) and 7.7 ug m>
(26.8%), respectively, as averaged over the two haze events, reflecting the further
decreases in PBLH (Fig. 7d).

21

Atmospheric
Chemistry
and Physics

Discussions



https://doi.org/10.5194/acp-2021-611
Preprint. Discussion started: 6 September 2021
(© Author(s) 2021. CC BY 4.0 License.

449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469

470

Figure 9 shows the vertical profiles of the contributions of physical/chemical
processes to changes in PMa s over Beijing due to BC DRE with original (CTRL minus
NoBCrad; Figs. 9al and 9bl) and modified vertical profiles (VerBC obs minus
NoBCrad; Figs. 9a2 and 9b2) in the two haze events. In the first haze event of 11-12
December when regional transport of pollution dominated, the NET contribution to
PM 5 was positive below 256 m, because of the positive contribution of VMIX was
larger than the negative contribution of TRA. However, in the upper layers (from 256
to 1555 m), the contributions of VMIX and CHEM became negative with both original
and modified vertical profiles, which can be explained by the decreases in PBLH
inhibiting the transport of low-layer pollutants to the upper layer. Compared to the
original BC vertical profiles, the modified BC vertical profiles increased PMa s in the
entire vertical layers below 2080 m, in which the positive contribution between 256-
757 m was caused by TRA. These results agree with the observed high concentrations
of BC at altitudes of 600-1500 m on December 11 (Fig. 4a). In the second haze event,
the NET contribution to PM.s was positive below 127 m and negative at 127-504 m.
However, the effects of BC on PMa,s were small above 504 m because BC
concentrations decreased rapidly with altitude.

5. Roles of BC vertical profiles

BC has higher light-absorbing efficiency at higher altitudes (Ding et al., 2016;
Wang et al., 2018). As described in Section 2.3, the observed vertical profiles of BC on
heavily polluted days (12 and 16-19 December) can be parameterized as exponential
decline functions using nonlinear regression (C(h)=Coxe™") with hs values of 0.35,
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0.48, 0.53, 0.79, 0.82 and 0.96, and the profiles affected by regional transport had high
concentrations of BC at high altitudes. We conducted seven sensitivity experiments
which applied six exponential functions and one observed transport-dominated vertical
profile, as described in Section 2.4, to examine the roles of BC vertical profiles in
influencing meteorological conditions and PMas during severe haze events. In these
sensitivity experiments, we only modify the BC vertical profiles for the dates of 12 and
16-19 December. In the function of C(k)=Coxe™", a larger hs leads to a sharper decline
of BC concentrations with altitude (less BC at the surface and more BC in the upper
atmosphere), as shown in Fig. 10.
5.1 Impacts of BC vertical profiles on meteorology

Figure 11 shows the simulated changes in atmospheric temperature induced by BC
DRE with exponential functions (VerBC hsl-6 minus NoBCrad) and with the
transport-dominated vertical profile (VerBC_RT minus NoBCrad). BC had a significant
warming effect at altitudes of 256-421 m from 12:00 to 18:00 (Fig. 7). Generally, with
the value of /4s gradually increasing, the BC-induced warming in the afternoon around
300 m became smaller, which can be explained by the highest mass fraction of BC at
the altitudes of 256-421 m to total BC column burden in VerBC_hsl case (31.7%) and
the lowest percentage in VerBC hs6 case (21.7%) among the six sensitivity
experiments (Fig. S1). The maximum warming around 300 m was 0.42 °C in
VerBC hs1 case and 0.19 °C in VerBC hs6 case. It should be noted that BC led to a
significant cooling effect at the surface (below 80 m) when 4s values were 0.79, 0.82
and 0.96, with the changes in temperature by -0.08, -0.09 and -0.13 °C, respectively.
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Because more BC mass was assigned into high altitudes (above 1000 m) with higher
hs, less solar radiation could reach the ground (Fig. S5). These results are consistent
with those found in previous modeling and observational studies (Cappa et al., 2012;
Ferrero et al., 2014; Ding et al., 2016; Wang et al., 2018). Meanwhile, in the case of
VerBC_RT, BC also had a cooling effect of 0.30 °C at the surface (Fig. 11g). Many
studies could hardly simulate the cooling of BC at the surface, which might be caused
by the vertical profiles of BC in the model (Wang et al., 2019).

We further use the difference in temperature between the upper PBL (Tw; 256-421
m) and the ground (Tr; 0-127 m) (ATsc = Tu - Tr) averaged over 12:00-18:00 LT of 12
and 16-19 December to quantify temperature inversion caused by BC DRE. With s
values increasing from 0.35 to 0.96, ATgc increased from 0.17 to 0.42 °C, and the ATsc
value was 0.51 °C in VerBC_RT case (Fig. 12a). As a result, the reductions in PBLH
were larger with higher 4s (Fig. 12b). The minimum decrease in PBLH was -31.9 m (-
14.3%) with As value of 0.35 and the maximum decrease was 48.9 m (22.0%) with As
value of 0.96, as averaged the period of 12:00-18:00 of 12, 16-19 December. In the case
of VerBC_RT, the mean PBLH was reduced by 56.9 m (25.6%) during the period of
12:00-18:00.
5.2 Impacts of BC vertical profiles on PM 5 concentration

Figure 13a shows the changes in surface-layer PMa.s concentration caused by BC
DRE with six exponential functions (VerBC_hs1-6 minus NoBCrad) and the transport-
dominated vertical profile (VerBC_RT minus NoBCrad) averaged over 12 December
and 16-19 December 2016. From 0:00 to 11:00, the surface-layer PM> s exhibited larger
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BC-induced decreases with a higher value of 4s. This can be explained by the negative
contribution of TRA process that increased during the period of 0:00-5:00 (Figs. 13b
and 13c) when hs value changed from 0.35 to 0.96. The near-surface PMas
concentration was reduced by up to 9.1 pg m3 (6.2%) and 12.6 pug m™ (8.6%) at 5:00
with As values of 0.35 and 0.96, respectively. Compared to the NoBCrad case, the
surface-layer PM, s concentrations were reduced by up to 13.8 pg m™ (9.4%) at 5:00
due to BC DRE in VerBC_RT case. From 12:00 to 18:00, the BC-induced increases in
surface-layer PM2s concentrations were larger as As values are higher; relative to
NoBCrad simulation, the mean PMas concentrations were increased by 5.5 ug m
(3.4%) and 7.9 pg m™ (4.9%) with the /s values of 0.35 and 0.96, respectively. Because
the PBL was suppressed by BC DRE from 12:00 to 15:00, the contributions of VMIX
and CHEM to near-surface PM2s were positive and larger in magnitude than the
negative contribution of TRA. The NET of all processes was negative from 16:00 to
18:00 due to the continuous growth of negative contribution of TRA. The negative
contribution of TRA process from 12:00 to 18:00 can be explained by the enhanced
northerlies in the central part of BTH caused by BC DRE, which transported cleaner
air mass into Beijing (Fig S6). From 19:00 to 23:00, the surface-layer PMas
concentrations were decreased by BC DRE, which can be explained by the dominant
negative contribution of TRA from 19:00 to 21:00. At 22:00, the reduction in surface-
layer PMa s was 7.5 ug m™ (4.0%) when hs value was 0.35 and 6.6 pg m™ (3.5%) when
hs was 0.96.

6. Conclusions
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In this study, a fully coupled online WRF-Chem model with an improved integrated
process rate (IPR) analysis scheme is employed to investigate the direct radiative effects
(DRE) of BC vertical profiles on meteorology and PMa.s concentrations during two
severe haze events (11-12 December 2016 and 16-19 December 2016). Compared to
the vertical profiles of BC in Beijing collected by King- Air350 aircraft using SP2, the
default vertical profiles of BC from the WRF-Chem model can capture the decreases
of BC mass concentration with altitude on December 12 and 16-19 when local
emissions dominated, but cannot reproduce the observed maximum mass concentration
of BC around 850-m altitude on December 11 when regional transport of pollutants
dominated. Averaged over the two severe pollution events, the model overestimates BC
mass concentration by 87.4% at the surface but underestimates BC by 33.1% at 1000-
m altitude compared with the observations in Beijing.

We carried out simulations with both the default original BC vertical profiles and
the modified vertical profiles using the observations (keep the column burden of BC
from the WRF-Chem but distribute BC mass vertically according to the observed
fractions of BC in individual model layers for each day). Compared with the simulation
with original BC profiles, the warming by BC DRE around 300-m altitude was stronger
with the modified profiles. Accordingly, the BC-induced reductions in PBLH in Beijing
averaged over the two severe haze events were 43.4 m (18.4%) and 55.4 m (23.5%),
respectively, with the original and modified profiles. As a result, relative to the
simulation with the original profiles, the modified profiles of BC led to larger increases
in PM2 5 concentrations by BC DRE. The maximum differences in PMa.s (VerBC_obs

26

Atmospheric
Chemistry
and Physics

Discussions



https://doi.org/10.5194/acp-2021-611 Atmospheric
Preprint. Discussion started: 6 September 2021 Chemistry
(© Author(s) 2021. CC BY 4.0 License. and Physics

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

Discussions

minus CTRL) were simulated over central Beijing, which were 9.3 ug m (4.1%) and
5.5 ug m> (3.0%) in the first and second haze events, respectively. IPR analysis is used
to explain the changes in PMa2s concentrations caused by BC DRE. During the two
severe haze events, VMIX and CHEM had the dominant positive contributions to the
changes in surface-layer PM» s due to the reductions in PBLH, and TRA had the key
negative contribution to PM» 5 changes.

Seven sensitivity experiments were further carried out to understand the roles of
BC vertical profiles. In six assumed exponential functions (C(#)=Coxe™") with hs
values of 0.35, 0.48, 0.53, 0.79, 0.82 and 0.96, a larger /As leads to a sharper decline of
BC concentrations with altitude (less BC at the surface and more BC in the upper
atmosphere). In all the cases, the simulated largest warming occurred at altitudes of
256-421 m. With the value of /s gradually increasing, the BC-induced warming in the
afternoon around 300-m altitude became smaller, the maximum warming was 0.42 °C
in VerBC _hs1 case (£s=0.35) and the minimum warming was 0.19 °C in VerBC_hs6
case (45=0.96). While BC led to warming of 0.21, 0.08 and 0.04 °C at the surface when
hs values were 0.35, 0.48 and 0.53, it led to a significant cooling near the surface (below
80 m) when As values were 0.79, 0.82 and 0.96, with the changes in temperature by -
0.08, -0.09 and -0.13 °C, respectively. Stronger temperature inversion with higher As
led to larger BC-induced increases in PM; 5; relative to NoBCrad simulation, the mean
PM, 5 concentrations were increased by 5.5 pg m™ (3.4%) and 7.9 pg m™ (4.9%) with
the As values of 0.35 and 0.96, respectively.

Results from our study highlight the importance of accurate representation of BC
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vertical profiles in models, which alter the radiation balance, BC-PBL interaction, and
hence the simulated PM 5 concentrations. Due to the limitation of observational data,
this study was focused on the DRE of BC vertical profiles on meteorology and PM: s
concentration in Beijing during severe haze events. However, the results from this study
should be generally important for understanding severe haze for urban areas.

There are channels for further improvement in near-future research. We distribute
BC mass vertically according to the observed fractions of BC in individual model layers
for each day without considering the hourly variations of BC vertical profiles due to the
lack of data. Such assumed distribution of BC based on observation may not be
consistent with the dynamic processes (winds, temperature, etc.) of the atmosphere.
Further efforts are needed to examine the roles of BC vertical profiles in coupled

chemistry-weather models.
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849  Tablel. Physical and chemical options for WRF/Chem.

WRF/Chem Model Configuration  Description

Microphysics scheme Lin microphysics scheme (Wiedinmyer et al., 2011)
Longwave radiation scheme RRTMG scheme (Zhao et al., 2011)
Shortwave radiation scheme RRTMG scheme (Zhao et al., 2011)
Gas phase chemistry scheme CBMZ (Zaveri and Peters, 1999)
Aerosol module MOSAIC (Zaveri et al., 2008)
Photolysis scheme Fast-J (Wild et al., 2000)
Boundary layer scheme Yonsei University Scheme(YSU) (Hong et al., 2006)
Pavement parameterization scheme Noah Land Surface Model scheme
850
851
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852  Table 2. Numerical experiments. Y indicates “on”, and N indicates “off”.

BC direct radiative effect (DRE)

Simulations DRE BC vertical profiles for calculation of DRE
Turn on/off Types description Modified dates
CTRL Y Simulated by model No modification
NoBCrad N Simulated by model No modification
Modified according to intraday 11-12 and 16-19
VerBC_obs Y
observations December
Modified according to C(h)=CypX< e 12 and 16-19
VerBC hsl-6 Y
hihs function® December
Modified according to observations 12 and 16-19
VerBC_RT Y
on 11 December 2016 December

853  2The values of &s in VerBC _hs1, VerBC hs2, VerBC hs3, VerBC hs4, VerBC _hs5 and

854  VerBC hs6 are 0.35, 0.48, 0.53, 0.79, 0.82 and 0.96, respectively.

855
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856  Table 3. Statistical metrics for temperature at 2 m (T2; °C), relative humidity at 2 m
857  (RH2; %), wind speed at 10 m (WS10; m s™'), wind direction at 10 m (WD10, ©), PM> 5
858  (ug m™), SOz (ppbv), NO2 (ppbv), CO (ppmv) and Os (ppbv).

Variables SIM® OBS® R¢ MB¢ NMBe¢ MFB!
T2 (°C) -0.5 0.6 0.77 0.1 -17.8 -13.1
RH2 (%) 52.5 55.8 0.75 3.4 -6.0 0.3
WSI10 (ms) 1.8 2.3 0.52 0.5 -20.6 -11.5
WD10 (°) 165.6 182.0 0.45 -16.4 9.0 0.7
PBLH (m) 205.8 174.9 0.72 30.9 17.7 72.9
PMas (ugm?) 1456 132.3 0.77 13.2 10.0 15.7
SOz (ppbv) 7.9 7.8 0.38 0.1 0.0 2.9
NO: (ppbv) 47.7 39.2 0.78 8.5 21.6 20.2
CO (ppmv) 1.8 1.9 0.73 0.1 4.9 6.4
Os (ppbv) 6.7 6.8 0.66 0.1 -1.2 -36.0

859  *b SIM and OBS represent the averaged model results and observations in Beijing from 11 to 19
860  December 2016.

861 R is the correlation coefficient which is calculated between hourly observations and simulations

YIL, |(OBS;—0BS)(SIM;—SIM)|

862  in Beijing from 11 to 19 December 2016, R = , where OBS; and

J2?=1(ossi—035)2+2{‘=1(51Mi—SIM)2
863  SIM; are the hourly observed and simulated data in Beijing and n is the total number of hours.
864 ¢ MB is the mean bias, MB = % * YL, SIM; — OBS;.

SIM;—OBS;

865  °NMB is the normalized mean bias, NMB = i * Ditg oms * 100%.
p . L _2_yn SIMi-OBS; o
866 MEFB is the mean fraction bias, MFB = —* hi S 0Es, 100% .

867
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869  Figure 1. (a) Two nested domains with grid resolutions of 30 km (d01) and 10 km (d02).
870  (b) The BC vertical profiles were modified for the red box which covers the whole of
871  Beijing.
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874  Figure 2. (a-i) Simulated spatial distributions of PMas concentrations (ug m>) and
875  winds (m s') at 850 hPa at 2 pm local time from 11 to 19 December 2016. (j) Time
876  series of simulated daily PM2 5 concentration in Beijing from 11 to 19 December 2016.
877  Blue and red squares in the first panel denote the Beijing-Tianjin-Hebei and Beijing
878  region, respectively.
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881  Figure 3. Time series of the observed (black dots) and simulated (red lines) hourly
882  concentrations of PMzs (ug m>), NO2 (ppbv), Os (ppbv), CO (ppmv), SOz (ppbv) and
883  BC (ug m™) in Beijing from 11 to 19 December 2016.
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887  vertical profiles in Beijing on 11-12 and 16-19 December 2016.
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Figure 7. (a) Simulated hourly vertical profiles of temperature (contour) and PBLH
(red solid line) over Beijing at local time (LT) from 11 December 2016 to 19 December
2016. (b-d) Time series of changes in vertical temperature (contour) and PBLH
(APBLH; red solid line) induced by BC DRE with original (b; CTRL minus NoBCrad)
and modified vertical profiles (c; VerBC obs minus NoBCrad), and the difference
between the effects of modified and original BC profiles (d; VerBC obs minus CTRL)

over Beijing region from 11 December 2016 to 19 December 2016.
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Figure 8. The spatial distribution of changes in near-surface PM»s concentrations
induced by BC DRE with original (CTRL minus NoBCrad; al and a2) and modified
vertical profiles (VerBC_obs minus NoBCrad; bl and b2), and the difference between
VerBC_obs and CTRL (VerBC_obs minus CTRL; cl and c2) over Beijing averaged
over the period of 12:00 — 18:00 LT of the two haze events. al-cl represent the first
pollution event of 11-12 December 2016 and a2-c2 represent the second pollution event
of 16-19 December 2016. (a3-c3) The daily 6-h contributions of each physical/chemical
process (colored bars, each of which is calculated as the concentration at 18:00 minus
that at 12:00) to the change in PM> s in Beijing from 11 December 2016 to 19 December
2016. The black dotted line represents the 6-h net contribution to PMz s change by

summing over all processes.
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922 Figure 9. Vertical profiles of the 6-h contributions of physical/chemical processes
923  (colored bars; each is calculated as the concentration at 18:00 LT minus that at 12:00
924  LT) to the changes in PM2 5 induced by BC DRE with original (CTRL minus

925  NoBCrad; al and b1) and modified vertical profiles (VerBC_obs minus NoBCrad; a2
926  and b2), and the difference between original and modified BC profiles (VerBC_obs
927  minus CTRL; a3 and b3) over Beijing. The red dotted lines represent the 6-h net

928  contributions to PMz s changes by summing over all processes.
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931  Figure 10. Vertical profiles of BC concentrations parameterized as six exponential

932  functions for 12 and 16-19 December 2016.
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Figure 11. Time series of changes in vertical temperature induced by BC DRE with six
exponential functions (VerBC_hs1-6 minus NoBCrad) and one transport-dominated
vertical profile (VerBC_RT minus NoBCrad) averaged over 12 and 16-19 December

2016.
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940  Figure 12. (a) Variation of ATsc caused by BC DRE with increasing 4s values averaged
941 12 and 16-19 December. The black dash line is the linear fit. (b) Time series of changes
942  in PBLH in Beijing caused by different BC vertical profiles averaged 12 and 16-19
943  December 2016.
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946  Figure 13. (a) Time series of the changes in surface-layer PMa 5 in Beijing caused by
947  BC with six exponential functions (VerBC hs1-6 minus NoBCrad) and one observed
948  transport-dominated vertical profile (VerBC_RT minus NoBCrad) averaged 12 and 16-
949 19 December 2016. (b-d) The hourly contributions of each physical/chemical process
950 to PMy ;s changes caused by BC DRE with two exponential functions (£5=0.35 and 0.96)
951  and one transport-dominated vertical profile.
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