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Abstract: Black carbon (BC) changes the radiative flux in the atmosphere by absorbing solar radiation,
influencing photochemistry in the troposphere. To evaluate the seasonal direct radiative effects
(DREs) of BC and its influence on surface atmospheric oxidants in China, the WRF-Chem model
was utilized in this study. The simulation results suggested that the average annual mean values of
the clear-sky DREs of BC at the top of the atmosphere, in the atmosphere and at the surface over
China are +2.61, +6.27 and —3.66 W m~2, respectively. Corresponding to the seasonal variations of
BC concentrations, the relative changes of the mean surface photolysis rates (JJO1D], JINO;] and
JIHCHOQJ]) in the four seasons range between —3.47% and —6.18% after turning off the BC absorption,
which further leads to relative changes from —4.27% to —6.82%, —2.14% to —4.40% and —0.47%
to —2.73% in hydroxyl (OH) radicals, hydroperoxyl (HO;) radicals and ozone (O3), respectively.
However, different from the relative changes, the absolute changes in OH and HO, radicals and O3
after turning off BC absorption show discrepancies among the different seasons. In the North China
Plain (NCP) region, O3 concentration decreases by 1.79 ppb in the summer, which is higher than
the magnitudes of 0.24-0.88 ppb in the other seasons. In southern China, the concentrations of OH
and HO, radicals reach the maximum decreases in the spring and autumn, followed by those in the
summer and winter, which is due to the enhancement of solar radiation and the summer monsoon.
Thus, BC inhibits the formation of atmospheric oxidants, which further weakens the atmospheric
oxidative capacity.
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1. Introduction

Black carbon (BC) is a light-absorbing component in particulate matter, which is
primarily present in the PM; 5 size fraction (particles smaller than 2.5 um). The absorption
of BC directly alters the solar radiation flux in the atmosphere, which is called the direct
radiation effect (DRE) [1]. The DRE of BC has been estimated through model simulations,
where the estimated global average DRE of BC reaches from 0.19 to 0.53 Wm~2 [2-4].
However, the annual average DRE of BC at the top-of-atmosphere (TOA) ranges from 1.2 to
4.5 W m~2 over China, which is higher than the global average [5-8]. BC not only changes
the radiation budget, but also impacts the near-surface photochemistry by altering the
actinic flux. Photochemical reactions are driven by solar radiation, and the photolysis rates
(J) can be calculated by the following formula:

j = / F(A) o(A,T) (A, T)dA (1)
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where o(A, T) is the wavelength (A) and temperature (T)-dependent absorption cross section
of reactants, q(A, T) is the quantum yield of the product and F(A) is the solar actinic flux [9].
Photochemical reactions have a significant impact on the secondary pollutants in the
planetary boundary layer. For example, tropospheric ozone (O3) is formed from precursors
such as nitrogen oxides (NOy) and volatile organic compounds (VOCs) through a series
of photochemical reactions. Notably, the photolysis rate of NO; (JINO,]) determines the
formation rate of O3 [10]. In addition, the abundance of tropospheric hydroxyl (OH) radicals
also come from photochemical reactions. The OH radical is initiated by the photolysis of
O3 yielding an excited oxygen atom O'D (J[O!D]), which subsequently reacts with H,O. In
polluted atmosphere, the photolysis of formaldehyde (HCHO) is also an essential source
for OH radicals. The production rate of HCHO to OH radicals is an order of magnitude
higher than that of O3 [11,12].

A few studies have estimated the effects of aerosols on photolysis rates in the lower
troposphere. In urban areas, the sulfate and dust increase the average photolysis rates
at the surface by 2% to 17%, while BC reduces the photolysis rate by 10% [13]. Using a
global model, Tie et al. [14] indicated that aerosols in East Asia reduce HO, (OH and HO,
radicals) abundance by 5% to 10% and cause changes in O3 by —1% to —4%. Tian et al. [15]
suggested that aerosols cause changes of —15% to 6% in the OH radical production and
—3% to 1% in the O3 concentration over eastern China. Meanwhile, BC reduces the actinic
flux by 3.3%, resulting in a decrease of approximately 3% to 4% in the photolysis rates
and a 0.7% to 1.2% reduction in surface O3 over eastern China. The scattering of aerosols
increases the photolysis rates by 10% to 18%, but the absorption BC (especially the internal
mixture) effect reduces them by 6% to 11%, which has opposite effects at the ground [16].
Li et al. [17] suggested that BC decreases the photolysis rates of JIO'D] and J[NO;] by 10%
to 30%, thereby reducing the surface O3 by 5% to 20% during the haze pollution in the
Houston area. In Europe, BC leads to a reduction in the photolysis rate of up to 30% in
southern Europe, where BC emissions are high. However, in northern Europe, there is
not such a significant decrease in the photolysis rate due to the low BC emissions [18]. In
another study, it was found that BC decreased JIO'D] by 15% to 25% in northern Europe in
August [19]. Gao et al. [20] demonstrated that O3 in the North China Plain (NCP) is more
sensitive to BC compared to other scattering aerosols, when BC reduction exceeds 75%,
the concentration of O3 increases by more than 5 ppb. In the Beijing-Tianjin—-Hebei (BTH)
and the Yangtze River Delta (YRD) regions, the absorption of BC led to a reduction in the
annual J[NO,] (J[O'D] by 14.90% (20.53%) and 13.71% (18.20%), respectively. In addition,
the reduction in photolysis rates at noon was 2% to 3% higher than the daily average [21].
Previous studies have indicated that the reduction in JJO'D] (JINO,]) caused by BC ranges
from 11.4% to 17% (12.5% to 14%) in the BTH and YRD regions in China [22,23]. In the
North China Plain (NCP), BC leads to a reduction of 2.0 ppb (7.8%) in the maximum daily
8-h average (MDAS) O3 concentration in the daytime during a case study [23]. As a result,
evaluating the impact of BC on radiative flux and its effects on surface atmospheric oxidants
can contribute to our understanding of the role of BC in photochemistry.

So far, there has been limited research on the effect of BC on the photochemistry in the
boundary layer in China. In this study, we evaluated the impact of BC absorption on solar
radiation and further explored its influence on atmospheric oxidants (HO, radicals and
O3). The Weather Research and Forecasting model coupled with Chemistry (WRF-Chem)
was utilized to simulate the seasonal variations in BC spatial distributions over China in
2015, and a sensitivity experiment was designed to assess the impact of BC on the solar
radiation flux and photolysis rates of HO, radicals and O3. The objective of this study is to
provide an important reference for understanding the role of BC in photochemistry.

2. Methods
2.1. Model Configuration

The WRF-Chem model version 3.9.1 was utilized, which conducts simulations over a
domain that contains 210 x 160 grid cells in a 37-km horizontal resolution over China and
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its adjacent regions (Figure 1) [24]. Additionally, the model incorporates 32 vertical layers
extending from ground level to the uppermost pressure level (50 hPa). This study employs
the Model for Ozone and Related Chemical Tracers (MOZART) for the gas-phase reaction
scheme [25]. As for aerosol chemistry, the Model for Simulating Aerosol Interactions and
Chemistry (MOSAIC) was adopted for the aerosol parameterization [26]. Recent studies
have suggested that organic carbon (OC) also exhibits light-absorbing effects, but the
contribution of OC absorption to the absorbing aerosol optical depth (AAOD) at 440 nm
is less than 25% and has a certain degree of uncertainty [27,28]. Therefore, the imaginary
parts of the refractive indexes of OC and BC were set to 0.0 and 0.71, respectively [29].
More details of the model parameterization settings are available in Table 1. To improve the
accuracy of meteorological variables in model simulations, the simulated wind, temperature
and water vapor were adjusted towards the fifth generation European Centre for Medium-
Range Weather Forecasts (ECMWFs) reanalysis (ERA5) data by using a 6-h nudging time
scale. The nudging coefficient was set to 1 x 10~* s~! for all variables.
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Figure 1. The domain of Weather Research and Forecasting model coupled with Chemistry (WRF-
Chem) and the surface meteorological (blue dots) and environmental (black dots) observation stations
in China.

Table 1. WRF-Chem model configurations.

Item Settings Reference
Microphysics scheme Morrison double moment [30]
Cumulus option Grell 3D ensemble scheme [31]
Longwave scheme RRTMG scheme [32]
Shortwave scheme RRTMG scheme [32]
Land surface scheme Noah land surface model [33]
PBL scheme YSU scheme [34]

The meteorological initial and boundary conditions were provided by the ERA5 data with
a spatial resolution of 0.25° x 0.25° [35]. Anthropogenic emissions were obtained from the
multi-resolution Emission Inventory for China (MEIC, version 1.4) and MIX for surrounding
areas (http:/ /meicmodel.org/, accessed on 12 June 2024), which is developed by Tsinghua
University [36-38]. Biogenic emissions were generated using the Model of Emissions of Gases
and Aerosols from Nature (MEGAN) [39]. The real-time biomass burning emissions were
calculated from the Global Fire Emission Database version 4 with small fires (GFED4s) [40,41].
The chemistry initial and boundary conditions adopted the results from the Community
Atmosphere Model with Chemistry (CAM-chem) (https://www.acom.ucar.edu/cam-chem/
cam-chem.shtml, accessed on 12 June 2024) [42,43].
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2.2. Observation Data

The meteorological and chemical observation data were used to verify model perfor-
mance. Surface meteorological observations with a temporal resolution of 3 h were provided
by the National Climatic Data Center of National Oceanic and Atmospheric Administration
(NOAA, https:/ /www.ncei.noaa.gov/maps/hourly/, accessed on 12 June 2024). The spe-
cific meteorological elements were 2-m temperature (Tpy,), 2-m relative humidity (RHyp,)
and 10-m wind speed (WS1om ). The hourly PM; 5 concentration data were obtained from the
China National Environmental Monitoring Centre (CNEMC, https:/ /air.cnemc.cn:18007/,
accessed on 12 June 2024). Ground-based aerosol optical depth (AOD) observations and
AAOD measurements at Xiang He station (116.96° E, 39.75° N) were derived from the
Aerosol Robotic Network (AERONET) version 3 level 2.0 products [44].

2.3. Experimental Designs

The simulation was conducted from 27 December 2014 to 31 January 2015, from
27 March to 30 April 2015, from 26 June to 31 July 2015 and from 26 September to
31 October 2015, respectively. The spin-up time of the model is 5 days prior to each sim-
ulation period, and the results during the spin-up time are not included in the analysis.
Following previous studies, we used the entire months of January, April, July and October
to represent winter, spring, summer and autumn, respectively [45-48]. In order to explore
the impact of BC on clear-sky shortwave radiation flux and photolysis rates, the following
two experiments have been carried out: (1) BASE—the baseline in which the absorption
of BC is included in the calculation of aerosol optical properties and (2) NOBC—the same
case as BASE, but with the absorption of BC turned off (the imaginary part of the refractive
index of BC was set to 0). For the BASE case, the model default value of 0.71 was adopted
for the imaginary part of the refractive index of BC. Following Yang et al. [49], the impact of
BC absorption on the pollutants was analyzed by calculating the difference between BASE
and NOBC simulations (i.e., BASE minus NOBC). When the difference between BASE and
NOBC simulations is negative, it implies that BC has an inhibitory effect on pollutants, and
when it is positive, it has a promoting effect on pollutants.

3. Results
3.1. Model Evaluation

When comparing the simulation results with the observed data, we interpolated the
simulated data to the latitude and longitude of the observation site. The model performance
was verified using the surface meteorological observations in the four seasons (Figure 2).
The seasonal and annual average statistical metrics, including the correlation coefficient (R),
normalized mean bias (NMB) and root mean square error (RMSE) for the different variables
are listed in Table 2. The simulated Ty, and RHpyy,, by the WRF-Chem model, exhibit a
good agreement with the observations, with the R values reaching 0.92 to 0.97 and 0.80 to
0.95, respectively, in the four seasons. In the spring, the RMSE values for Ty, and RHyy, are
3.29 and 12.20 higher than that of the other seasons, suggesting that the model has slightly
greater errors for Ty, and RHyyy, in the spring than in the other seasons. The R value
for WSy ranges from 0.56 to 0.73 in the different seasons, which are lower than those
for Ty, and RHyy,. The seasonal NMB of WSy, ranges from 28.5% to 50.7%, showing a
tendency of overestimation. This over-predicting tendency of the surface wind speed in the
WREF/WRF-Chem model is consistent with the findings in previous studies, which is due to
the poor surface friction simulation by the surface-layer parameterization scheme [50-52].
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Figure 2. Scatter plots of simulated 2-m temperature (a), 2-m relative humidity (b), 10-m wind
speed (c), PMj; 5 (d), aerosol optical depth (e) and absorption aerosol optical depth (f) versus surface
observations in winter (blue dots), spring (green dots), summer (red dots) and autumn (yellow dots).
The solid 1:1 lines and dashed 1:2 and 2:1 lines are shown for reference.

Table 2. Statistical metrics for evaluating performance of WRF-Chem model in simulating meteoro-
logical and chemical variables.

Variables Statistic Winter Spring Summer Autumn Annual
Tom (°C) R 0.96 0.92 0.97 0.97 0.96
NMB —-11.2 22 —-2.3 —6.0 -2.9
RMSE 1.52 3.29 1.46 1.63 2.17
RHom (%) R 0.85 0.80 0.95 0.93 0.86
NMB 3.1 —-7.3 0.46 222 0.3
RMSE 7.54 12.20 5.61 5.73 8.21
WS1gm (ms™1) R 0.67 0.56 0.70 0.72 0.67
NMB 50.7 30.0 28.5 39.9 36.7
RMSE 141 1.34 0.96 1.22 1.25
PMy5 (ug m~3) R 0.72 0.61 0.73 0.66 0.70
NMB —23.1 —5.6 23.6 14 5.7
RMSE 28.09 14.02 16.26 15.57 19.63
AOD R 0.45
NMB —34.7
RMSE 0.43
AAOD R 0.48
NMB 13.6
RMSE 0.017

By comparing the WRF-Chem simulation with the observation from the CNEMC,
it can be seen that the simulation results can generally capture the seasonal variation
features of PM, 5 concentration, with the R values reaching 0.61 to 0.73 in the four seasons,
respectively. However, the RMSE and NMB values for PMj; 5 in the winter are 28.09 and
—23.1%, respectively, indicating that the error of the simulated PM; 5 in the winter is
28.09 ug m~3, which is an underestimation of 23.1%. This is because the simulated WS;gm
is about 50% higher than the observed values. By contrast, the model overestimates
the PM, 5 concentrations by 23.6% in the summer. Similar to previous studies, this bias
is attributed to an overestimation in the secondary inorganic aerosols (i.e., nitrate and
ammonium) [53-55]. To verify the optical properties of aerosols, the model simulations
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were further compared with the AOD and AAOD at 550 nm from the AERONET [44]. It
was found that the model underestimates the AOD by 34.7% but overestimates the AAOD
by 13.6%. Overall, the WRF-Chem model can basically reproduce the temporal variations
of meteorological and chemical variables.

3.2. Spatial Distribution and Direct Radiative Effect of Black Carbon

Figure 3 depicts the spatial distributions of the simulated seasonal mean surface
BC concentrations in China. The BC concentrations are higher in densely populated
and industrially developed areas, such as the NCP, the Yangtze River Delta (YRD) and
the Sichuan Basin (SCB). The seasonal mean BC concentrations in China are 0.70, 0.28,
0.19 and 0.38 pg m~2 in the winter, spring, summer and autumn, respectively. In the
winter, residential activities emit BC between 1.5 and 2 times more than those in the other
seasons in China, leading to the highest BC concentrations [38]. In eastern China, cold, high
pressure prevails in the winter, with the low boundary layer height and weak wind speed
contributing to the accumulation of pollutants, while in the summer, under the control of the
East Asian summer monsoon, the high boundary layer height and increased precipitation
facilitating the diffusion and scavenging of pollutants [56-58]. Correspondingly, the AAOD
values in the east part of China are higher than those in the west part because BC is the
predominant light-absorbing aerosol. The seasonal mean AAOD in China reaches its
highest value of 0.015 in the winter, followed by 0.011 in the spring and autumn, and its
lowest value of 0.010 in the summer. In the summer, the AAOD is not significantly lower
than the BC concentration in the other seasons, which is due to the higher humidity in
the troposphere during the summer [59]. Liu et al. [28] have indicated that the annual
and winter mean values of AAOD in China are 0.017 and 0.022, respectively, which are
slightly higher than the simulation results in this study. In the summer, the highest AAOD
of 0.026 is found in the NCP region, which is slightly lower than the previous simulation
results of 0.03-0.05 in 2010 [8].

Spring Summer Autumn

0.10
0.08
0.06
0.04
0.02
0.00

Figure 3. Spatial distributions of seasonal mean surface black carbon (BC) concentrations (first row)
and AAOD at 550 nm (second row). Mean values averaged over China are shown in the upper
right corner.

Figure 4 illustrates the spatial distributions of the seasonal clear-sky shortwave DREs
of BC at the TOA, in the atmosphere and at the surface over China. The annual mean
values of BC DREs at the TOA, in the atmosphere and at the surface are +2.61, +6.27 and
—3.66 W m~2, respectively. Previous studies have suggested that the annual mean BC DRE
at the TOA ranges from +1.2 to +4.5 W m~2, which is similar to the simulated results in this
study [5-8]. The seasonal mean values of BC DREs at the TOA are +2.60, +3.03, +2.75 and
+2.09 W m~2 in the winter, spring, summer and autumn, respectively. The values of BC
DREs at TOA and ATM are 3.03 and 7.01 W m~2 in the spring, which are higher than those
of other seasons. This is attributed to the fact that the BC emissions from biomass burning
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are 17.26 Gg in the spring over Northeast China, which is significantly higher than the
range of 1.02 to 3.32 Gg that is emitted in the other seasons. Additionally, the BC emitted by
biomass burning in Southeast Asia during the spring is transported to south China under
the influence of the southwest monsoon, which also causes the BC DREs at TOA and ATM
to be higher in the spring than in the other seasons [60-62]. The maximum value of the
seasonal mean BC DRE at SUR is —4.09 W m 2 in the summer, while the other seasonal
mean values range from —3.09 to —3.98 W m 2. Compared with the other seasons, the
solar zenith angle is the highest in the summer, and the solar radiation is the strongest.

Winter Spring Summer Autumn

+2.00

(W m‘z'l)

— : 1 V;I 1 — :
-20-16 -12 -8 -4 0 4 8 12 16 20

Figure 4. The spatial distributions of the seasonal mean BC clear-sky shortwave direct radiative
effects (DREs) at the top-of-atmosphere (TOA), in the atmosphere (ATM) and at the surface (SUR)
over China. The mean values averaged over China are shown in the upper right corner.

3.3. Impacts of Black Carbon on Photolysis Rates

The light absorption of BC reduces the actinic flux reaching the surface, thereby
reducing the photolysis rates. JIO'D] and JJHCHO] are critical drivers for the formation of
the OH radical in the troposphere [63]. The photolysis of NO, leads to the formation of NO,
which is a key precursor for Os. Figure 5 displays the relative changes in the simulated
seasonal mean photolysis rates (J[O'D], JINO,] and JJHCHO)]) over China after turning
off BC absorption. The reductions in the annual mean J[O'D], JINO,] and JJHCHO] are
4.79%, 4.03% and 4.82%, respectively. The relative change of JIO'D]is stronger in the winter
(—6.18%) and weaker in the summer (—4.06%). The spatial distributions of the relative
changes in the seasonal mean J[NO,] and JJHCHO] are similar to those of JIO'D], with BC
light absorption resulting in relative changes of —3.47% to —5.17% and —4.15% to —6.15%
in JINO;] and JJHCHO], respectively.
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Figure 5. The spatial distributions of the relative changes in the seasonal mean surface photolysis
rates (JJO'D], JINO,] and JJHCHOY]) after turning off BC absorption. The relative changes averaged
over China are shown in the upper right corner.

3.4. Impacts of Black Carbon on Free Radicals

The OH radical is formed through a series of photochemical reactions (e.g., photolysis
of O3 and HCHO), which can be simultaneously converted into the hydroperoxyl (HO;)
radical by reacting with VOCs [64,65]. HO, radicals are important atmospheric oxidants in
the lower atmosphere and represent the atmospheric oxidizing capacity. Figure 6 shows
the spatial distributions of the relative changes in the seasonal mean surface HO, (OH and
HO,) radicals over China in the different seasons after turning off BC absorption. It was
found that BC reduces the OH radical by 6.82%, 5.50%, 4.27% and 5.11% in the winter,
spring, summer and autumn, respectively. In the winter, the effect of BC on the OH radical
is higher than those in the other seasons, which is attributed to the higher anthropogenic
emission of BC in the winter [38]. Similar to the OH radical, the relative change in surface
HO; radicals in the winter is —4.40%, which is higher than those in other seasons (—2.14%
to —3.87%). Different from the relative changes in HO, radicals, the highest absolute
changes in the seasonal means for OH and HO; radicals are found in the summer, with
the values reaching —1.39 x 10° and —0.59 x 107 molec cm~3, respectively (Figure 7).
This is due to the stronger solar radiation in the summer, despite higher BC emission
occurring during the winter season. In the NCP, the changes in the seasonal mean values
of OH (HO,) radicals range from —4.98 x 10° to —0.05 x 10° molec em 3 (2.0 x 107 to
—0.001 x 107 molec cm~3), with the values being significantly higher in the summer than
in the other seasons. These results are generally consistent with the conclusions in previous
studies that the concentrations of OH precursors (O3 and formaldehyde) in the summer are
higher than those in other seasons in eastern China [66,67]. In addition, we have noticed
that the BC generated by wildfires in Southeast Asia results in a remarkable reduction in
HOy radicals in southern China in the spring.
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Figure 6. The spatial distributions for the relative changes in the seasonal mean surface HO, (OH
and HO,) radicals after turning off BC absorption. The relative changes averaged over China are
shown in the upper right corner.

Winter Spring Summer Autumn
-0.19° h :

(OH: 10° molec‘cm‘3
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Figure 7. Same as Figure 6, but for absolute changes. Black rectangle indicates the North China Plain
(NCP) region.

3.5. Impacts of Black Carbon on Ozone

O3 is not only a pollutant in the troposphere, but it is also an important oxidant. The
BC-induced reduction in photolysis rates slows down the photochemical reactions, leading
to a decrease in O3 concentrations over China. As shown in Figure 8, the seasonal mean sur-
face O3 concentration over China decreases by 0.31 ppb (2.37%), 0.59 ppb (1.60%), 0.26 ppb
(0.47%) and 0.54 ppb (1.90%) in the winter, spring, summer and autumn, respectively.
Qu et al. [68] have suggested that aerosol direct radiative effects (including scattering and
absorbing) reduce the average annual O3 concentration by 2.01 ppb (6.2%) in China. In the
winter, the most noticeable reductions in O3 concentration are concentrated in southwest
China, where the basin topography facilitates the accumulation and transport of pollutants
along the edge of plateau [69]. In the spring and autumn, the seasonal mean O3 concentra-
tions decrease by 0.59 ppb (1.60%) and 0.54 ppb (1.90%) over China, and these values are
higher than those in the winter and summer. It is notable that the concentration of the O3
reduction in the NCP region exhibits distinct seasonal variations, with a maximum value
of 1.79 ppb (3.56%) in the summer, a minimum value of 0.24 ppb (3.91%) in the winter,
and 1.32 (5.68%) and 0.88 ppb (6.72%) in the spring and autumn, respectively. A previous
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study suggested that aerosol-photolysis interactions resulted in a reduction in the autumn
O3 concentration, ranging from 8.2 to 10.6 ppb (17.7% to 19.4%) in Beijing, Tianjin and
Shijiazhuang, respectively [70]. Li et al. [23] estimated that BC caused a decrease in the
regional average surface O3 concentration by 2.0 ppb (4.4%) through a case study over the
NCP in October. Compared to other factors that affect Oz concentration, the uptake of HO,
by aerosols led to a decrease in the average surface-layer O3 concentration of 1 to 6 ppb
over China [71]. Furthermore, in 2012, when NOy emissions were decreased by 30%, the
average surface Oz concentrations in the NCP, YRD and PRD regions increased by 7.4%,
3.0% and 8.3% respectively. In contrast, when VOC emissions were reduced by 30%, the
average O3 concentrations in the NCP, YRD and PRD regions declined by 10.8%, 9.6% and
12.0% respectively [72]. There are obvious seasonal differences in the changes between the
NCP region and southern China (south of the Yangtze River). In the NCP, the strong solar
radiation in the summer and the massive production of O3 precursors (e.g., isoprene) by
vegetation contribute to higher O3 concentrations [73,74]. In contrast, in southern China,
the summer monsoon increases both cloud cover and precipitation, which suppresses the
photochemical reactions leading to the formation of O3 [75].

Winter Spring Summer
=1 4_{30%

-4.0
(ppb)

Figure 8. The spatial distributions for the relative changes (first row) and absolute changes
(second row) in the seasonal mean surface O3 concentration after turning off BC absorption. The
mean values averaged over China are shown in the upper right corner. The black rectangle indicates
the North China Plain (NCP) region.

4. Conclusions

In this study, we investigated the impacts of BC on the direct radiative effects (DREs)
and photochemistry over China by utilizing the WRF-Chem model. The simulation results
show that the seasonal mean BC concentrations at the surface over China ranges between
0.19 and 0.70 g m 3. Notably, the surface BC concentration in the NCP exceeds 3.0 pig m 3
in the winter and ranges between 0.57 and 1.97 g m~2 in the other seasons. Corresponding
to the variations of BC concentrations, the seasonal mean values of AAOD are within the
range of 0.010 to 0.015 in China. The seasonal mean values of the clear-sky shortwave DREs
of BC at the TOA over China are +2.60, +3.03, +2.75 and +2.09 W m 2 in the winter, spring,
summer and autumn, respectively.

By absorbing solar radiation, BC reduces the actinic flux reaching the surface, which
further leads to a decrease in the photolysis rate. The reductions in the annual mean
J[O'D], JINO,] and JJHCHO] are 4.79%, 4.03% and 4.82%, respectively. The formation
of OH radicals in the troposphere is dependent on photochemical reactions. Similar to
the seasonal variations of JJO'D] and JJHCHO], OH and HO, radicals decrease by 6.82%
in the winter, with these values being higher than those in the other seasons (between
4.27% and 5.50%). Similarly, BC reduces the concentrations of surface HO, radicals and
O3 over China by 4.40% and 2.73% in the winter, respectively. Unlike the relative change,
the absolute changes of surface OH and HO, radicals are -1.39 x 10° and —-0.59 x 107
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molec cm 3 over China in the summer, with these values being higher than those in the

other seasons. However, the reductions in the surface O3 concentrations in China are more
obvious in the spring (-0.59 ppb) and autumn (-0.54 ppb). In the summer, the reductions in
the regional mean surface O3, HO and HO; radicals in the NCP are 4.98 x 10° molec ecm 3,
2.0 x 10”7 molec cm 3 and 1.79 ppb, respectively, which are significantly higher values than
those in other regions of China. In the NCP, near-surface photochemistry is more affected by
BC in the summer than in winter, while the impact of BC is higher in the spring and autumn
in southern China (i.e., regions south of the Yangtze River). Therefore, BC absorption results
in reduced photolysis rates, thereby inhibiting the formation of atmospheric oxidants (HO,
radicals and O3) and reducing the atmospheric oxidative capacity.

Atmospheric oxidative capacity influences the production of secondary pollutants,
such as O3 and secondary components in aerosols. When implementing emission control
strategies, governments need to comprehensively take into account the reduction in PM; 5
and gas precursor emissions and avoid increasing atmospheric oxidative capacity, which
would produce more secondary pollutants. Our study evaluates the impacts of BC on
photochemistry in different seasons. Additionally, it also provides a certain reference for
the variation of atmospheric oxidants resulting from the reduction in BC emissions in
the future.

There are still some uncertainties in our simulations, which need to be further im-
proved in future studies. First, the mixing state of the aerosols is assumed to be a core-shell
morphology in the simulation, while it is more complex in the real atmosphere and would
significantly affect the optical properties of BC. Additionally, the aging process of BC is
ignored in the model simulation, which thereby brings bias to the optical properties of
simulated BC.
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