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A B S T R A C T   

China is an important emitter of light-absorbing carbonaceous aerosols (LACs), including black carbon (BC) and 
brown carbon (BrC). Currently, there are large uncertainties in model-estimated direct radiative forcing (DRF) of 
LACs, partially due to the poor understanding of the emissions and optical properties of LACs. In this study, we 
estimated the DRF of LACs over China during the implementation of the Air Pollution Prevention and Control 
Action Plan (APPCAP) using the global chemical transport model (GEOS-Chem) coupled with the Rapid Radi-
ative Transfer Model of GCMs (RRTMG). We updated the refractive index of BC, includedbiomass burning (BB) 
sources, biofuel (BF) and coal combustion (CC) sources in the residential sector as BrC emission sources and the 
optical properties were updated, which were not fully considered in the previous model studies. Our results 
showed that model could reasonably capture the spatial and temporal variations of LACs in China with the 
correlation coefficients between model simulated and Aerosol Robotic Network (AERONET) observed daily 
absorption aerosol optical depth (AAOD) of LACs at 440 nm above 0.63 and the corresponding values of the 
normalized mean bias within ±30%. The simulated annual mean LACs AAOD at 440 nm in China was 0.016 
(0.021) in 2017 (2014) and BrC contributed about 20% (21%). The estimated annual mean clear-sky LACs DRF at 
the top of the atmosphere in China was 1.02 W m− 2 in 2017 and 1.38 W m− 2 in 2014, and the contribution of BrC 
was about 10% and 11%, respectively, which was dominated by the BF sources (46% in 2017 and 44% in 2014) 
and the BB sources (38% in 2017 and 43% in 2014), with CC sources being low (16% in 2017 and 13% in 2014). 
The annual mean AAOD and DRF of LACs in China decreased by 0.005 and 0.36 W m− 2 from 2014 to 2017, 
which were largely attributed to the reductions of anthropogenic emissions during the implementation of 
APPCAP. Our results would improve the understanding of the light absorption capacity and climate effects of 
LACs in China.   

1. Introduction 

Light-absorbing carbonaceous aerosols (LACs), including black car-
bon (BC) and brown carbon (BrC), can affect the cloud formation, reduce 
the ice/snow albedo, and introduce positive radiative forcing (RF), 
which has a significant impact on the Earth’s climate system (Bond et al., 
2013; Bhat et al., 2017; Yan et al., 2018). BC is a black particle produced 
in the flame stage of fuel combustion with strong absorption and weak 
spectral dependence in the visible region (Patterson and McMahon, 
1984), which plays an important role in climate change (Liu et al., 
2020a). BrC is a weakly absorbing but wavelength-dependent brown 

particle produced in the smolder stage (Patterson and McMahon, 1984; 
Saleh, 2020; Sun et al., 2021), and is likewise a light-absorbing fraction 
of organic carbon (OC) or organic aerosols (OA) with a strong absorption 
in the near ultraviolet (UV) spectral region (Andreae and Gelencser, 
2006). The light absorption by BrC typically accounts for 20–40% of the 
total global absorption of carbonaceous aerosols (Jo et al., 2016; Park 
et al., 2010; Saleh et al., 2014; Wang et al., 2018a). 

With the accelerated urbanization and rapid economic development, 
China becomes one of the countries with the high emissions of LACs. 
Previous studies have shown that BC emissions in China accounted for 
about 25% of the total global BC emissions (Bond et al., 2007; Wang 
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et al., 2012) and BrC emissions in China (1.5 Tg) (Wang et al., 2022a) 
might be close to BC emissions (1.3 Tg) in 2017 (Zheng et al., 2018). 
Observational studies (Cheng et al., 2011, 2016; Liu et al., 2018a; Mo 
et al., 2021) have shown that BC (BrC) concentrations in northern China 
could reach up to 35 (16) μg m− 3 in 2015 (2014). In addition, observed 
mass absorption efficiency (MAE) of BrC was as high as 1.9 m2/gC at 
365 nm in 2014 in Northwest China, 1.8 m2/gC in North China and 1.7 
m2/gC in Yangtze River Delta (Mo et al., 2021; Xie et al., 2020), which 
likely resulted from the low combustion efficiencies of BrC sources from 
open biomass burning and residential solid fuels in China (Sun et al., 
2021; Wang et al., 2012). The observed light absorption coefficients of 
BrC in China were also high, e.g., 10–15 M m− 1 in Beijing in 2014 
(Cheng et al., 2016, 2011; Mo et al., 2021), 13 M m− 1 in Changchun in 
2017 (Meng et al., 2020) and 22 M m− 1 in Sanjiang Plain in 2013 (Zhai 
et al., 2019). 

Numerous studies have shown that large uncertainties are existed in 
the estimating the direct radiative forcing (DRF) of LACs (Tuccella et al., 
2020; Wang et al., 2014, 2018a). For BC, model-based studies have 
shown that BC DRF at the top of the atmosphere (TOA) was in the range 
of 0.81–2.20 W m− 2 in China (Li et al., 2016; Mao et al., 2016; Yang 
et al., 2017; Zhuang et al., 2013), which was higher than the global 
mean BC DRF of 0.39–0.71 W m− 2 (Bond et al., 2013; Zhang et al., 
2020a). The estimate of BC DRF depends on the BC concentration as well 
as the BC optical properties, which are significantly affected by refrac-
tive index (Bond and Bergstrom, 2006; Liu et al., 2020b; Wang et al., 
2014), particle structures/morphology (Liu and Mishchenko, 2018; He, 
2019), size distribution of particle (Wang et al., 2014; Zheng and Wu, 
2021), aging and coating processes (Luo et al., 2019; Tan et al., 2020), 
etc. For BrC, due to the limitations of the emission inventory and the 
inconsistency of optical properties (Saleh et al., 2014; Wang et al., 
2022a), simulated BrC DRF at TOA is in a wide range of 0.05–0.57 W 
m− 2 globally (Feng et al., 2013; Lin et al., 2014; Wang et al., 2014; 
Zhang et al., 2020a). 

The refractive index of BC has great influence on its optical proper-
ties (Cappa et al., 2012; Feng et al., 2021; Wang et al., 2014). Bond et al. 
(2013) mentioned that the uncertainty of MAE due to refractive index 
could reach 30% if other factors remained consistent. Previous studies 
(Sand et al., 2021; Wang et al., 2014; Wang et al., 2018a; Zhang et al., 
2021a) have shown that the commonly default BC refractive indices in 
the model, such as 1.75 + 0.44i and 1.85 + 0.71i, couldn’t represent the 
observations well. Liu et al. (2020b) also showed that the updated and 
widely used refractive index of 1.95 + 0.79i still couldn’t most accu-
rately represent the true refractive index of BC. 

Previous modeling studies of BrC generally only considered biofuels 
(BF) and biomass burning (BB) as the sources of light absorption. 
Observational studies have indicated that BrC from fossil fuel combus-
tion sources was also light-absorbing (Xie et al., 2017; Yan et al., 2017). 
However, fossil fuel was not generally included in the model simulations 
of BrC DRF because emissions had not been fully characterized (Wang 
et al., 2018a). Recent studies have shown that residential coal com-
bustion (CC) in China was a significant source of BrC (Huang et al., 
2022; Tang et al., 2020a; Wang et al., 2020). Wang et al. (2022a) esti-
mated that BrC emissions from CC in the residential sector accounted for 
25%–30% of the total BrC emissions in China from 2000 to 2020. It is 
thus necessary to consider residential CC to improve the understanding 
of the climate effects of BrC. 

Since 2013, Chinese government implemented the Air Pollution 
Prevention and Control Action Plan (APPCAP, http://www.gov.cn/ 
zhengce/content/2013-09/13/content_4561.htm), and the annual 
mean PM2.5 (particulate matters with aerodynamic diameter < 2.5 μm) 
concentrations in the three metropolitan areas in eastern China 
decreased by 28–40% within five years (Zhang et al., 2017; Liu et al., 
2016; Zhao et al., 2017). To our knowledge, few studies have system-
atically investigated the absorption aerosol optical depth (AAOD) and 
DRF of LACs from multiple combustion sources in China during the 
implementation of APPCAP. In this study, we use the global chemical 

transport model GEOS-Chem coupled with the Rapid Radiative Transfer 
Model of the GCM (RRTMG) to quantify the AAOD and DRF of BC and 
BrC in China in 2014 and 2017. We update the refractive index of BC, 
include BB emissions and residential CC and BF as the main sources of 
BrC and assign corresponding optical properties to different sources. 
Section 2 presents the model description, numerical experiments, and 
observational datasets. Section 3 and 4 includes model simulated BC 
(OC) concentrations and LACs AAOD as well as model evaluations based 
on observations. Sections 5 shows the model-estimated radiative forcing 
of LACs. Finally, Sections 6 and 7 discuss the uncertainties and 
conclusions. 

2. Data and methods 

2.1. The GEOS-Chem Model 

The GEOS-Chem model is a global three-dimensional atmospheric 
chemical transport model (http://geos-chem.org) managed by Harvard 
University, USA, supported by an open-source community of all users, 
and driven by the meteorological field provided by the National Aero-
nautics and Space Administration (NASA) Global Modeling and Assim-
ilation Office (GMAO). The present study uses the GEOS-Chem-RRTMG 
model (version 12.0) to simulate the LACs DRF for instantaneous 
shortwave and longwave radiation fluxes every 3 h (Wang et al., 2014). 
The model is driven by Modern-Era Retrospective Analysis for Research 
and Applications, Version 2 (MERRA2) assimilated meteorological data 
from NASA’s Goddard Earth Observing System (GEOS) at the horizontal 
resolution of 2◦ × 2.5◦ and with 47 vertical layers from the surface to 
0.01 hPa. 

The simulation of carbonaceous aerosols in the GEOS-Chem model is 
followed by Park, 2003, which assumes that 80% of BC and 50% of 
primary OC are hydrophobic in nature when discharged and become 
hydrophobic with the e-folding time of 1.15 days (Park, 2005). Previous 
studies have shown that assuming this fixed aging time can result in 
large uncertainties particularly over source regions like China (Chen 
et al., 2017; He et al., 2016). Wet deposition of aerosols is calculated as 
described by Liu et al. (2003) and updated by Wang et al. (2011), 
including the removal from convective updrafts, convective anvils, and 
large-scale precipitation within the cloud and below the cloud. Dry 
deposition of aerosols uses the series resistance model by Walcek et al. 
(1986), depending on local surface type and meteorological conditions. 

According to Wang et al. (2014), the BC dry particles are spherical 
and the density of BC is updated to 1.8 g/cm3. The refractive index is 
related to the type of aerosol species and varies with different chemical 
properties (Ma et al., 2012). Previous study (Liu et al., 2020b) has shown 
that both the default refractive index of BC at 550 nm (1.75 + 0.44i) and 
that recommended by Bond et al. (2006) (1.95 + 0.79i) may underes-
timate the absorption of BC. Based on the studies of Schnaiter, 2005 and 
Liu et al. (2020b), we use the refractive index of BC at 550 nm by 1.90 +
1.0i in the present study. In addition, the enhanced BC absorption 
induced by the coating is included by multiplying a scaling factor of 1.5 
(Wang et al., 2014; Zhang et al., 2021a). 

The Harvard-NASA Emission Control (HEMCO) is used in the GEOS- 
Chem model to treat the emission of atmospheric pollutants. The global 
anthropogenic emissions are from Emissions Database for Global At-
mospheric Research (EDGARv4.3, http://wiki.seas.harvard.edu/geos- 
chem/index.php/EDGAR_v4.3_anthropogenic_emissions) for 2010. 
Monthly anthropogenic emissions (BC, OC, SO2, CO, VOCs, NOx, NH3) in 
China are derived from multi-resolution emission inventories 
(MEICv1.3) of China for 2014 and 2017, including residential, indus-
trial, transportation, power, and agricultural emission sectors, and 
weekly and daily variations of the emissions are considered by using 
daily and hourly scaling factors, the impact of the APPCP has been taken 
into account in emissions (Zheng et al., 2018). Biogenic emissions of 
VOCs are calculated by the Model of Emissions of Gases and Aerosols 
from Nature (MEGAN) version 2.1 with updates from Guenther et al. 

L. Yang et al.                                                                                                                                                                                                                                    

http://www.gov.cn/zhengce/content/2013-09/13/content_4561.htm
http://www.gov.cn/zhengce/content/2013-09/13/content_4561.htm
http://geos-chem.org
http://wiki.seas.harvard.edu/geos-chem/index.php/EDGAR_v4.3_anthropogenic_emissions
http://wiki.seas.harvard.edu/geos-chem/index.php/EDGAR_v4.3_anthropogenic_emissions


Atmospheric Research 304 (2024) 107396

3

(2012). Open biomass burning emissions are from the fourth version of 
the Global Fire Emission Database Inventory (GFEDv4) for 2014 and 
2017, with a monthly temporal resolution (van der Werf et al., 2017). 

2.2. Treatment of BrC 

In the current version of coupled GEOS-Chem-RRTMG model, the 
emission inventory of BrC is not available, and only the BC and OC 
emission are included for the simulations of carbonaceous aerosols, and 
the DRF of BC and OA are simulated. In the default setting of GEOS- 
Chem model, the concentrations of POA are calculated from POC 
based on an OA/OC ratio of 2.1 (Wang et al., 2018a). To study the BrC 
AAOD and DRF, we thus refer to the study of Wang et al. (2018a) to re- 
assigned optical properties to OA, which has low-light absorption ca-
pacity as it contains light-absorbing BrC. 

The main sources of BrC aerosols in China are open-air BB and res-
idential solid fuel combustion (both BF and CC) (Li et al., 2019; Zhang 
et al., 2021b). Observational studies have shown that the MAE of BrC is 
related to the type of combustion source, and combustion conditions (e. 
g., Akagi et al., 2011; Chen and Bond, 2010; Saleh et al., 2014). Saleh 
et al. (2014) showed that the effective OA absorption (the imaginary 
part of the refractive index, kOA) of BF and BB sources was positively 
correlated with the emission ratios of BC to OA. However, there are no 
studies showing correlation between MAE and BC/OC emission ratios 
for fossil fuel combustion sources (e.g., Saleh et al., 2014; Xie et al., 
2018; Xie et al., 2017). We thus used BC/OA ratios to parameterize the 
kOA only for BF and BB sources, and the refractive index of OA (RIOA) is 
shown in eq. (1): 

RIOA = 1.53+
(

0.016 • log10

(
BC
OA

)

+ 0.04
)

•

(
550

λ

)ω

i (1)  

ω =
0.21

BC
OA + 0.07

(2)  

where the real part (1.53) is commonly used in previous studies (Chen 
and Bond, 2010; Drugé et al., 2022; Lin et al., 2014; Tuccella et al., 
2020), and the imaginary part at 550 nm is taken from the results of 
Saleh et al. (2014). Eq. (2) then represents the dependence of kOA on 
wavelength. According to the previous studies (Shen et al., 2013; Tian 
et al., 2017; Zhang et al., 2021b), the BC/OC emission ratio from BF in 
China ranges from 0.073 to 0.42, and we use the mean value of 0.246 for 
BC/OC in China and the corresponding value of 0.117 for BC/OA. For 
open biomass burning sources from the GFEDv4 inventory, the average 
BC/OA emission ratio of 0.05 in China is used in this study. 

For the optical properties of BrC emitted from CC sources in the 
residential sector, we use the direct assignment of the observed MAEOA. 
At present, the measurements of the optical absorption properties of BrC 
are mainly based on the chemical method and the optical method (Yuan 
et al., 2022). Chemical methods, also known as extraction methods, 
involve solvent extraction of collected samples followed by UV–visible 
spectroscopic analysis of the extracts (Chen and Bond, 2010; Cheng 
et al., 2017). Wang et al. (2022a) showed that chemical methods are 
highly uncertain due to a series of differences in extraction solvent, BrC 
properties to be extracted, solution absorption and aerosol absorption 
conversion. Therefore, the MAE used for model simulation in this study 
are from measurement by optical methods to provide a consistent esti-
mate of the absorption of BrC. Based on the study of Yuan et al. (2022), 
we use MAEOC with a value of 1.9 m2 g− 1 at 405 nm for CC in the res-
idential sector (AAE = 3.7, Ångström exponent) and a resulting MAEC-

COA of 0.90 m2 g− 1. The MAE values for other wavelengths are calculated 
using the following functions (Bond and Bergstrom, 2006): 

MAE(λ) = MAE(λ0)⋅
(

λ0

λ

)AAE

MAEλ = MAEλ0*(λ0λ)AAE (3)  

where λ0 is 405 nm for MAECCOA. The imaginary part of the OA 

refractive index (kOA,λ) is estimated using the following equation (Liu 
et al., 2013): 

kOA,λ =
MAE(λ)ρλ

4π (4)  

where ρ is the density of OA (g cm− 3) and the default value of 1.3 g cm− 3 

is used in GEOS-Chem. For BrC, we update the kOA, λ in the 300-600 nm 
range, as there is less absorption of BrC in other longer bands. 

Since the residential emissions used in the present study are not 
classified into CC and BF sources, we use observed BC/OC emission 
ratios of the two sources to separate the CC and BF sources in the resi-
dential sector (Novakov et al., 2000; Zhang et al., 2021b). The BC/OC 
emission ratio from CC source in residential sector ranges from 0.02 to 
1.47 in China (Shen et al., 2013; Tian et al., 2017; Zhang et al., 2021b; 
Zhi et al., 2008), and we use the mean value of 0.745. We then use the 
observed BC/OC emission ratio from the two sources and model simu-
lated BC/OC column concentration ratio from the residential sector at 
each model grid to separate the contribution of CC and BF to OA AAOD 
and DRF in the residential sector. 

2.3. Numerical experiments 

In this study, the LACs DRF is simulated in 2014 and 2017 based on 
the GEOS-Chem-RRTMG model driven by the MERRA-2 meteorological 
field. According to the parameterization of kOA for different BrC sources 
mentioned above, the following numerical experiments are set up in this 
study (Table 1). All simulations are preceded by a one-month spin-up. 
Absorption from biogenic sources (Lin et al., 2014; Saleh et al., 2015) 
and aromatic sources of secondary organic aerosols (SOA) (Wang et al., 
2014; Jo et al., 2016; Wang et al., 2018) are not included in this study, 
which would lead to an underestimation of BrC DRF, although studies 
have shown that the light absorption from BrC primary emissions is 
significantly greater than that from secondary processes (Martinsson 
et al., 2015; Saleh et al., 2013; Wang et al., 2016). 

1.CTRL: Standard simulation to quantify the BC and OA AAOD and 
DRF in China, BC with updated complex refractive index and OA with 
default optical properties, as well as anthropogenic and open biomass 
burning emissions are included 

2.no_RES: Same as the CTRL simulation except that BC and OC 
emissions from residential sector in China are set to zero. 

3.no_GFEDv4: Same as the CTRL simulation except that BC and OC 
emissions from biomass burning are set to zero. 

4. ALL_BF: Same as the CTRL simulation except that the the default 
kOA for OA is updated to kBFOA 

5. no_RES_BF: Same as the ALL_BF simulation except that OC emis-
sions from residential sector in China are set to zero. 

6. ALL_BB: Same as the CTRL simulation except that the default kOA 
for OA is updated to kBBOA 

7. no_GFEDv4_BB: Same as the ALL_BB simulation except that OC 
emissions from biomass burning are set to zero. 

Table 1 
GEOS-Chem simulations of LACs.  

Model experiments kOA OC emissionsa 

Anthropogenic Open biomass burning 

CTRL Default value √ √ 
no_RES Default value no Residential √ 

no_GFEDv4 Default value √ no GFEDv4 
ALL_BF kBFOA √ √ 

no_RES_BF kBFOA no Residential √ 
ALL_BB kBBOA √ √ 

no_GFEDv4_BB kBBOA √ no GFEDv4 
ALL_CC kCCOA √ √ 

no_RES_CC kCCOA no Residential √  

a BC emissions from different anthropogenic and natural sources are also 
included. 
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8. ALL_CC: Same as the CTRL emulation except that the default kOA 
for OA is updated to kCCOA 

9. no_RES_CC: Same as the ALL_CC simulation except that OC emis-
sions from residential sector in China are set to zero. 

According to the method described in Section 2.2, the BrC AAOD and 
DRF of the BF and CC sources in the residential sector are quantified by 
((ALL_BF - no_RES_BF) - (CTRL - no_RES)) and ((ALL_CC - no_RES_CC) - 
(CTRL - no_RES)), and the BrC AAOD and DRF of the BB sources are 
quantified by ((ALL_ BB - no_GFEDv4_BB)- (CTRL - no_GFEDv4)). 

2.4. Observations 

2.4.1. BC and OC concentrations 
Previous studies (Li et al., 2016; Mao et al., 2016, 2020) have shown 

that the GEOS-Chem model can reasonably capture spatial and temporal 
variations of aerosol concentrations in China. We further evaluate the 
ability of the GEOS-Chem model to simulate diurnal variations of BC 
concentration in China by using ground-based measurements from two 
sites: Xianghe (39.80◦N, 116.96◦E, 36 m) for 2014 (Mao et al., 2020) 
and Nanjing Caochangmen (32.06◦N, 118.75◦E, ~20 m) for 2017 (Xie 
et al., 2022; Yu et al., 2020), where the Nanjing Caochangmen site is also 
used to assess simulated OC concentration. The observed surface BC 
(OC) concentrations obtained from the literatures are listed in Table 2, 
which includes the seasonal and annual mean surface BC (OC) concen-
trations measured at 7 (2) sites in China. The observed annual mean BC 
column concentrations in 2014 at 7 stations (Table 3) are derived from 
inversion based on remote sensing data and the daily variation of BC 
column concentration in China are evaluated by the observation at three 
sites in Hefei (31.8◦N, 117.3◦E, 36 m), Zhoushan (30.0◦N, 122.2◦E, 29 
m) and Nanjing (32.1◦N, 118.8◦E, 52 m) (Zhang et al., 2020b). 

2.4.2. LACs AAOD observations 
We validate the model simulations using AAOD observations from 8 

Aerosol Robotic Network (AERONET) sites (https://AERONET.gsfc. 
nasa.gov) in China (Table 4). In order to guarantee a greater number 
of stations and a longer observation period, the Level 1.5 dataset, which 
is quality-controlled and has a larger number of consecutive samples, is 
selected in the present study for 2014 and 2017. The AERONET AAOD is 
the sum of the contributions of all absorbing aerosols, i.e. dust, BrC and 
BC. We calculate the AAOD of LACs from AERONET based on the 
method of Depolarization Ratio and Single Scattering Albedo (Shin 
et al., 2019). The Depolarization Ratio at 1020 nm retrieved from 
AERONET is used to separate dust and non-dust particles according to 
the method of Shin et al. (2019) and the non-dust AAOD is further 
calculated from the non-dust SSA, which has been proved applicable to 
East Asia with a complex mixture of mineral dust and anthropogenic 
contamination (Dehkhoda et al., 2020). 

2.4.3. MERRA-2 reanalysis data 
The MERRA-2 is a reanalysis data based on the GEOS Model, Version 

5 and Data Assimilation System, Version 5.12.4 and released in 2017 by 
NASA’s GMAO (Gelaro et al., 2017), which is available online through 
the Goddard Earth Sciences Data and Information Services Center 
(https://disc.gsfc.nasa.gov). In the present study, we use the BC (OC) 
concentration and BC AAOD in the MERRA-2 data from the 
M2T1NXAER dataset (a time-averaged 2-dimensional monthly mean 
data collection), which is available since 1980, with a spatial resolution 
of 0.5◦ × 0.625◦ and 72 vertical layers from the surface to about 80 km. 

3. Simulated BC concentrations 

3.1. Evaluation of simulated BC and OC concentrations 

Previous studies (Li et al., 2016; Mao et al., 2016, 2020) have shown 
that the GEOS-Chem model is reliable in simulating surface BC con-
centrations in China. This study further evaluates the performance of 
GEOS-Chem by using observed surface BC (OC) concentrations in China. 
The output height of the near-surface aerosols in GEOS-Chem is about 
60 m and model results are sampled at the corresponding locations of 
the observation sites. As shown in Table 2, the observations of surface 
BC (OC) concentrations are obtained from the literatures at 7 (2) sites, 
which are annual, seasonal, and monthly averages for 2014 and 2017. 
The model simulations generally underestimate the observed BC con-
centrations at most sites except the Dalian site. The normalized mean 
bias (NMB) between the simulated and observed surface BC concen-
trations varies from − 17.80% to 21.34% at measurement sites except 
Nanjing, which is generally within ±20% indicating the good perfor-
mance of the GEOS-Chem model in simulating surface BC concentrations 
(Emery et al., 2017). Moreover, the NMB in this study is similar or even 
smaller than those in previous studies of GEOS-Chem simulation (Li 
et al., 2016; Mao et al., 2016, 2020). The discrepancies between simu-
lated and observed BC concentrations in China are likely due to the 
coarse resolution of the chemical transport model and the uncertainties 
of emission inventories (Fu et al., 2012; Bond et al., 2013; Mao et al., 
2016). In addition, the model simulations generally underestimate the 
observed OC concentrations based on the observations of Wang et al. 
(2018b), which is likely due to the failure of the model to adequately 
represent SOA formation (e.g., Miao et al., 2020, 2021). 

In Fig. 1, we evaluate daily surface BC concentrations simulated by 
GEOS-Chem at Xianghe station in 2014 (Fig. 1a) and at Nanjing station 
in 2017 (Fig. 1b). The correlation coefficient between observed and 
simulated daily BC concentration is 0.40 at Xianghe in 2014 and 0.67 at 
Nanjing in 2017. All the correlation coefficients are statistically signif-
icant with 95% confidence from a two-tailed Student’s t-test. Compared 
with the observed results, the NMB value simulated by GEOS-Chem 
model at Xianghe is − 30.84% in 2014, and 3.57% at Nanjing in 2017. 
Compared with the results of previous studies (Li et al., 2016; Mao et al., 

Table 2 
Observed and simulated monthly, seasonal, and annual mean surface BC (OC) concentrations (μg m− 3) at 7 (2) sites in China.  

Aerosol Site Latitude 
(◦N) 

Longitude 
(◦E) 

Observation Period BC Concentrations Reference 

Observation Model NMBa (%) 

BC Chongqing 29.61 106.5 2014.1–2 5.63 5.62 − 0.18 (Zhong et al., 2016) 
Nanjing 32.05 118.75 2014.5.1- 

6.21 
3.58 2.6 − 27.37 (Hua et al., 2017) 

Beijing 40.04 116.41 2014 4.4 4.0 − 9.09 (Ji et al., 2017) 
Shanghai 31.16 121.42 2014 3.11 2.88 − 7.40 (Lan et al., 2020) 

Dalian 38.89 121.57 2014 1.64 1.99 21.34 (Xu, 2020) 
Baoji 34.35 107.16 2017.3–5 1.18 0.97 − 17.80 (Zhou et al., 2021) 
Linan 30.13 119.42 2017 2.37 2.00 − 15.61 (San et al., 2020) 

OC Chengdu 30.62 104.07 2014.10.23- 
11.18 

10.4 7.24 − 30.37 (Wang et al., 2018b) 

Nanjing 32.06 118.75 2017 6.04 6.12 1.09 (Li et al., 2023)  

a Normalized mean biases between the simulated and observed surface BC (OC) concentrations. 
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2016, 2020; Yang et al., 2017), the performance of model is acceptable, 
especially at Nanjing. In addition, the model fails to capture the high 
surface BC concentrations in October 2014 at the Xianghe site located in 
the North China Plain, probably because the open biomass burning 
emissions used in the present study underestimate heavy straw burning 
during corn harvest in fall (Liu et al., 2015; Yin et al., 2019). Fig. 1c also 
shows an assessment of the daily surface OC concentrations simulated by 
GEOS-Chem at Nanjing station in 2017, with the correlation coefficient 
of 0.44 and the NMB of − 4.45% between the observed and simulated 
values. The model fails to capture the high OC values in Nanjing, 
especially in the warm seasons, which may be due to the underestima-
tion of SOA in the model simulation (Miao et al., 2020, 2021) and open 
biomass burning emissions used in the study (Jin et al., 2017; Xu et al., 
2019). 

We evaluate the simulated annual mean BC column concentrations in 
2014 by using the observations from 7 sites in Table 3. The NMB values 
of Xian, Songshan and Guangzhou sites are high, ranging from − 24.60% 
to 27.99%. The remaining 4 sites (Hefei, Zhoushan, Nanjing and Beijing) 
show low NMB values, ranging from − 17.72% to 16.13%. The simulated 
results are acceptable at most sites as the NMB values are all within 
±30%. In Fig. 2, we evaluate the daily BC column concentrations 
simulated by the GEOS-Chem model at the Hefei station (Fig. 2a), 
Zhoushan station (Fig. 2b) and Nanjing station (Fig. 2c) in 2014. The 
correlation coefficients of observed and simulated daily BC column 
concentrations are 0.49 at Hefei, 0.53 at Zhoushan, and 0.56 at Nanjing. 
Compared with the observed results, the NMB value simulated by GEOS- 
Chem model is 14.01% at Hefei, 14.37% at Zhoushan, and 16.13% at 
Nanjing in 2014. 

Table 3 
Observed and Simulated Annual Mean BC Column Concentrations (g m− 2) at 7 sites in China in 2014.  

Site Latitude(◦N) Longitude(◦E) Altitude(m) BC column concentrations 

Observation Model NMB (%) 

Xian 34.23 108.93 389 0.004 0.003 − 24.60 
Hefei 31.79 117.31 36 0.004 0.005 14.01 

Zhoushan 29.99 122.19 29 0.003 0.003 14.37 
Songshan 34.52 113.00 475 0.004 0.005 27.99 

Guangzhou 23.16 113.27 28 0.003 0.002 − 22.67 
Nanjing 32.05 118.75 52 0.004 0.005 16.13 
Beijing 39.98 116.38 59 0.005 0.004 − 17.72  

Table 4 
Observed and simulated seasonal and annual mean LACs absorption aerosol optical depth (AAOD) at 8 AERONET sites in China.  

Site Latitude(◦N) Longitude(◦E) Altitude 
(m) 

Observation Period LACs AAOD 

Observation Model NMB(%) 

Hong_Kong_PolyU 22.3 114.18 30.0 2014 0.030 0.023 − 23.25 

Beijing 39.98 116.38 92.0 2014 0.052 0.054 4.28 
2017 0.043 0.032 − 25.97 

Xianghe 39.75 116.96 36.0 2014 0.053 0.048 − 9.04 
2017 0.036 0.036 − 1.47 

XuZhou 34.22 117.14 59.7 2017 0.043 0.052 21.80 
AOE-Baotou 40.85 109.63 1314.0 2017(4–6) 0.007 0.009 19.96 

Taihu 31.42 120.22 20.0 2017 0.042 0.051 22.37 
Beijing_CAMS 39.93 116.32 106.0 2017 0.037 0.034 − 8.91 
Beijing_PKU 39.99 116.31 53.0 2017 0.043 0.033 − 22.63  

Fig. 1. Observed (black) and simulated (red) daily surface BC concentrations (μg m− 3) and corresponding correlation coefficient (r) (a) at Xianghe site in 2014 and 
(b) at Nanjing Caochangmen site in 2017, (c) same as (b), but for surface OC concentrations. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

L. Yang et al.                                                                                                                                                                                                                                    



Atmospheric Research 304 (2024) 107396

6

In Fig. 3, we further use the MERRA-2 reanalysis to verify the 
simulation ability of GEOS-Chem on the spatial distributions of the 
annual mean surface BC concentration in China in 2014 and 2017. The 
GEOS-Chem model generally captures the characteristics of spatial dis-
tributions of surface BC concentration obtained from the MERRA-2 
reanalysis data. The surface BC concentrations are high in eastern 
China, especially in the North China Plain. The simulated annual mean 
surface BC concentrations in the North China Plain range from 4 to 6 μg 
m− 3 in 2014, and are lower than those from MERRA-2 reanalysis data. 

From 2014 to 2017, simulated surface BC concentrations decrease in 
eastern China, especially in the North China Plain by >1 μg m− 3, which 
are generally larger than those from the MERRA-2 reanalysis data, 
which is also subject to uncertainties from a low bias in historical 
emissions used in the assimilation system, an unrealistic representation 
of the boundary layer, and separating specific aerosol species based on 
the total aerosol optical depth included in the assimilation system (Che 
et al., 2024; Buchard et al., 2017). 

In Fig. S1, we validate the ability of GEOS-Chem to simulate the 
spatial distribution of annual-averaged surface OC concentrations in 
China in 2014 and 2017 using MERRA-2 reanalysis. The GEOS-Chem 
model generally captures the characteristics of the spatial distribution 
of surface OC concentrations in the MERRA-2 reanalysis data. The 
spatial distribution of surface OC concentrations is similar to that of BC. 
In 2014, the simulated annual mean surface OC concentrations in the 
North China Plain range from 7 to 11 μg m− 3, which are lower than those 
from the MERRA-2 reanalysis data (9–15 μg m− 3). From 2014 to 2017, 
the simulated surface OC concentrations decrease by >1 μg m− 3 

(Fig. S1c) and the high values of above 2 μg m− 3 are concentrated in the 
North China Plain. The MERRA-2 reanalysis data, on the other hand, 
shows that surface OC concentrations are reduced from 2014 to 2017, 
especially in the Beijing-Tianjin-Hebei and Northeast regions, with high 
values above 2 μg m− 3. 

3.2. Surface BC concentrations 

Fig. S2 shows the spatial distributions of seasonal and annual mean 
surface concentrations of BC in China simulated by the GEOS-Chem 
model for 2014 (Fig. S2a) and 2017 (Fig. S2b). The annual mean sur-
face concentration of BC in China is 0.72 μg m− 3 (0.92 μg m− 3) in 2017 
(2014), which is low in the west and high in the east. The annual average 
BC concentration is highest in the North China Plain, exceeding 3.5 μg 
m− 3(4 μg m− 3) in 2017 (2014). Compared with the western region, the 
dense population and developed industry in eastern China lead to higher 
BC emissions. In addition, topographic factors can also affect the dis-
tribution of BC, which induce high BC concentrations in the areas, e.g., 
Sichuan Basin and western part of North China Plain (Liu et al., 2018b). 

The seasonal mean BC concentration in China is highest in Decem-
ber–January-February (DJF), about 1.19 μg m− 3 (1.48 μg m− 3) in 2017 
(2014). In DJF, high concentrations of BC locate in the North China Plain 
and central China, with the values >5 μg m− 3 (6 μg m− 3) in 2017 (2014). 
The Northeast Plain also has a high BC concentration in DJF, with the 
value exceeding 3 μg m− 3. The high concentration of BC in DJF is likely 
due to the enhanced anthropogenic emission by the combustion of 
heating fuel, as well as the lower temperature, weaker wind speed, and 
less precipitation, which are not conducive to the diffusion and removal 
of pollutant (Fu et al., 2012). In June–July-August (JJA), the seasonal 

Fig. 2. Observed (black) and simulated (red) daily BC column concentrations 
(g m− 2) in 2014 and corresponding correlation coefficient (r) (a) at Xianghe 
site, (b) at Zhoushan site, (c) at Nanjing site. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 3. (a) Annual mean surface BC concentrations (μg m− 3) in China in 2014, (b) same as (a), but in 2017, (c) differences of annual mean surface BC concentrations 
in China between 2017 and 2014. Firstrow from the GEOS-Chem simulation, second row from the MERRA-2 reanalysis data. 
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mean concentration of BC in China is lowest, about 0.47 μg m− 3 (0.59 μg 
m− 3) in 2017 (2014) and the high concentrations of BC are distributed in 
central China and the Yangtze River Delta (around 3 μg m− 3 in 2014 and 
around 2 μg m− 3 in 2017). The reduced heating fuel burning, the 
prevalence of summer monsoon and thus increased wet deposition all 
contribute to low BC concentrations in JJA (Fu et al., 2012). 

Fig. S2c shows the changes of simulated seasonal and annual mean 
surface BC concentrations in China from 2014 and 2017. From 2014 to 
2017, the annual average surface BC concentration in China decreases 
by 0.20 μg m− 3, largely due to the significantly decrease of BC anthro-
pogenic emissions in China by ~23% from 2014 to 2017 after the release 
of the APPCAP (Zheng et al., 2018). The reduction of the annual mean 
BC concentration is largest in densely populated areas in eastern China, 
reaching 1.54 μg m− 3. In March–April-May (MAM), September–Oc-
tober-November (SON) and DJF, the spatial distribution of the changes 
of surface BC concentration between the two years is generally consis-
tent with that of annual average surface BC concentration. The decrease 
of seasonal mean BC concentration is the largest in DJF, with a mean 
value of 0.29 μg m− 3 and a maximum value of 3.01 μg m− 3 in the North 
China Plain. 

4. Simulated LACs AAOD 

4.1. Evaluation of simulated LACs AAOD 

Table 4 compares AERONET derived and GEOS-Chem simulated 
annual mean LACs AAOD at 8 AERONET sites in China. The NMB values 
between the simulated and observed LACs AAOD are lower in 2014 than 
in 2017. Compared with the observations in 2014, the NMB value of the 
simulated LACs AAOD at Hong_Kong_PolyU site is − 23.25%, and those 

at the other sites vary from − 9.04% to 4.28%. In 2017, the NMB values 
of simulated LACs AAOD are large at the Beijing, Xuzhou, Taihu and 
Beijing_PKU sites, ranging from − 25.97% to 22.37%, and are low at the 
other three sites. In particular, the NMB values of LACs AAOD at the 
Xianghe and Beijing-CAMS sites range from − 8.91% to − 1.47% in 2017. 
Compared with previous studies (Li et al., 2016; Mao et al., 2016), the 
NMB value between the simulated and the observed AAOD is smaller, 
likely due to removing dust in the calculation of LACs AAOD at the 
AERONET sites, updating the complex refractive index of BC, and add-
ing the absorbent BrC in the present GEOS-Chem simulation. 

In Fig. 4, we further evaluate the daily variation of LACs AAOD at 
440 nm simulated by GEOS-Chem model at 3 AERONET sites in Beijing 
and Xianghe in 2014 and 2017. The AERONET derived LACs AAOD 
generally shows high values around 0.20 in DJF and second-high values 
above 0.10 in March, October and November. Overall, the model is able 
to capture the seasonal characteristics of the LACs AAOD in 2014 and 
2017. In 2017 (2014), the correlation coefficients of observed and 
simulated daily LACs AAOD are 0.82 (0.64) at Beijing, 0.68 (0.63) at 
Xianghe, 0.78 at Beijing-CAMS and 0.76 at Beijing-PKU. The NMB 
values of observed and simulated LACs AAOD in 2017 (2014) are 
− 25.97% (4.28%) at Beijing, − 1.47% (− 9.04%) at Xianghe, − 8.91% at 
Beijing-CAMS, and − 22.63% at Beijing-PKU. 

We further use MERRA-2 reanalysis data to compare and validate 
simulated BC AAOD. Fig. S3 shows the spatial distributions of BC annual 
average AAOD at 550 nm in China from the GEOS-Chem model and the 
MERRA-2 reanalysis data in 2014 and 2017. The spatial distributions 
and the values of annual average BC AAOD from the GEOS-Chem 
simulation are in good agreement with those from the MERRA-2 rean-
alysis data. Similar to the BC surface concentrations, the areas with high 
values of BC AAOD are mainly distributed in the North China Plain and 

Fig. 4. AERONET observed (black) and GEOS-Chem simulated (red) daily LACs absorption aerosol optical depth (AAOD) at 440 nm and corresponding correlation 
coefficient (r). (a) at Beijing site in 2014, (b) at Beijing site in 2017, (c) at Xianghe site in 2014, (d) at Xianghe site in 2017, (e) at Beijing_CAMS site in 2017, (f) at 
Beijing_PKU site in 2017. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Sichuan Basin. The high values from the GEOS-Chem simulation are 
0.040–0.060 in 2014 and 0.030–0.040 in 2017, and those from the 
MERRA-2 reanalysis data range from 0.040 to 0.050. The GEOS-Chem 
simulated BC AAOD decreases from 2014 to 2017, and the changes 
are significantly in eastern China and Sichuan Basin (> 0.010). The 
changes are larger from the GEOS-Chem simulation than from the 
MERRA-2 reanalysis data, which may be partially due to the updated BC 
refractive index used in the GEOS-Chem simulation. 

4.2. BC AAOD 

Fig. S4 shows the spatial distribution of seasonal and annual mean 
BC AAOD at 440 nm in China simulated by the GEOS-Chem model in 
2014 (Fig. S4a) and 2017 (Fig. S4b). The annual mean BC AAOD is 0.013 
(0.017) in 2017 (2014) in China, and the spatial distribution of annual 
mean BC AAOD in China in the two years is similar to that of BC con-
centration, with low values in the west and high values in the east. The 
annual mean BC AAOD is high in the North China Plain and Sichuan 
Basin ranging from 0.040 to 0.060 (0.060 to 0.080) in 2017 (2014), with 
the highest value of 0.058 (0.073) in 2017 (2014) in the Sichuan Basin. 

Similar to the BC concentration, the seasonal mean BC AAOD is 
highest in DJF by 0.017 (0.022) in 2017 (2014). The high values of BC 
AAOD in DJF are in the Sichuan Basin and the eastern part of the North 

China Plain, exceeding 0.070 (0.080) in 2017 (2014), which are close to 
results from the study of Li et al. (2016). In DJF, the simulated BC AAOD 
in Sichuan is higher at lower BC concentrations compared with that in 
Beijing-Tianjin-Hebei. In JJA, BC AAOD can reach high levels at rela-
tively low BC concentrations likely due to strong solar radiation and 
high humidity (He et al., 2015, Tang et al., 2021). The high value of BC 
AAOD in JJA is in the North China Plain by about 0.040 (0.050) in 2017 
(2014). 

Fig. S4c shows the changes of simulated seasonal and annual mean 
BC AAOD in China from 2014 to 2017. Due to the significant reduction 
of BC emissions during the implementation of APPCAP, the annual 
average BC AAOD in China decreases by 0.004 from 2014 to 2017, with 
the contribution from anthropogenic sources by 89%. In DJF, the sea-
sonal mean BC AAOD decreases by 0.004, and the largest reduction of 
BC AAOD is 0.030 in the southern region of Beijing-Tianjin-Hebei. The 
decline of the seasonal mean BC AAOD in JJA is about 0.003, mainly 
concentrated in central China. 

4.3. BrC AAOD 

Fig. 5 shows the spatial distribution of the seasonal and annual mean 
BrC AAOD at 440 nm in China simulated by GEOS-Chem in 2014 
(Fig. 5a) and in 2017 (Fig. 5b). The annual mean values of BrC AAOD in 

Fig. 5. (a) Simulated seasonal and annual average BrC AAOD at 440 nm in China in 2014, (b) same as (a), but in 2017, (c) differences in simulated seasonal and 
annual average BrC AAOD in China between 2017 and 2014. 
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China are 0.003 in 2017 and 0.004 in 2014, with the BF sources 
contributing up to 50% and 48%, followed by the BB (31% and 36%) 
and CC (19% and 16%) sources. Similar to BC AAOD, the annual mean 
BrC AAOD in China also shows high values in the eastern area and low 
values in the western area. And the annual mean BrC AAOD is highest in 
Sichuan Basin, with the values of approximately 0.010 in 2017 and 
0.015 in 2014. 

The seasonal mean BrC AAOD in China is highest in MAM by 0.004 in 
2017 and 0.006 in 2014, with the largest contribution from the BB 
sources by 43% in 2017 and 57% in 2014. In MAM, the high BrC AAOD 
is mainly distributed in southwestern China with values ranging from 
0.015 to 0.020 in 2014 and around 0.010 in 2017, likely due to the local 
fires in the Yunnan-Guizhou Plateau and southeastern hills (Wang et al., 
2022b) and long-distance transport of pollutants from forest fires and 
agricultural biomass burning in the countries of Indochina from 
November to March (Deng et al., 2008; Fan et al., 2023; Fu et al., 2011; 
Lian et al., 2022; Zhu et al., 2017). In addition, in MAM, BrC AAOD is 
also high in northeast China, which may be attributed to forest fires in 
and around Northeast China (Fan et al., 2017; Zhu et al., 2023) and open 
burning of straw before spring ploughing in northeastern plains (Ma 
et al., 2018). In JJA, the seasonal mean BrC AAOD in China is relatively 
close in 2017 and 2014 (around 0.003) and is high in northeastern China 
bordering Inner Mongolia and extending southward to the North China 
Plain, with the largest contribution (60% in 2017 and 56% in 2014) from 
smoke plumes of forest fires in the Russian Far East and Siberia during 

the summer (Zhu et al., 2018). In DJF, the seasonal average BrC AAOD 
value is 0.004 (0.005) in 2017 (2014), with the largest contributions 
from the BF and CC sources (68% and 25% in 2017, 70% and 23% in 
2014). High values of BrC AAOD in DJF are found in central China with 
values above 0.015 (0.020) in 2017 (2014). In SON, the seasonal mean 
BrC AAOD value in China is the smallest, all around 0.002 in 2017 and 
2014. 

Fig. 5c shows the decrease in modeled seasonal and annual mean BrC 
AAOD in China from 2014 to 2017. From 2014 to 2017, the annual mean 
BrC AAOD decreases by 0.001 in China. The BB source is the largest 
contributor (48%) to the reduction of the annual mean BrC AAOD, fol-
lowed by BF (43%) and CC (9%). In MAM, the seasonal mean BrC AAOD 
decreases by 0.0025 from 2014 to 2017, and BrC AAOD from BB sources 
decreases by 0.002 (77%). The largest decrease of BrC AAOD locates in 
southwestern China with the largest values of 0.020, mainly due to the 
decrease in emissions from forests and shrubland fires in southwestern 
China and neighboring countries (Reddy et al., 2020; Huang et al., 
2021). The seasonal mean BrC AAOD in MAM also decreases in North-
east China Plain, with the main contributing from BB source (70%), 
which is attributed to the decreased forest fires (Zhu et al., 2023) and 
straw-burning ban policy implemented in Northeast China during spring 
ploughing (Fu et al., 2022; Yang et al., 2020). In DJF, the seasonal mean 
BrC AAOD decreases by 0.001, largely due to the contribution of the BF 
source by 77%, followed by the CC (14%) and BB (8%) sources. The 
largest reduction of BrC AAOD is mainly distributed in Sichuan Basin 

Fig. 6. (a) Simulated annual mean clear-sky direct radiative forcing (DRF) of LACs, BC and BrC (W m− 2) at the top of the atmosphere (TOA) from biomass burning 
source, and coal combustion and biofuel combustion in residential sector in China in 2014, (b) same as (a) but in 2017. 
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with the values ranging from 0.006 to 0.010, which is mainly due to the 
reduction of emissions from fuel combustion sources in the residential 
sector as a result of the implementation of the clean energy policy and 
the coal ban (Ji et al., 2022; Meng et al., 2019; Zheng et al., 2018). 

5. Simulated Direct Radiative Forcing of LACs 

Fig. 6 shows the spatial distribution of annual mean clear-sky LACs 
DRF at TOA in China in 2014 and 2017 simulated by the coupled GEOS- 
Chem-RRTMG model, and the contributions from BC and BrC. In China, 
the annual mean value of the LACs DRF is 1.02 W m− 2 (1.38 W m− 2) in 
2017 (2014). The high values of annual mean LACs DRF are mainly 
located in the North China Plain, the central China, and the Sichuan 
Basin, ranging from 4 to 6 W m− 2 in 2014 to 3–5 W m− 2 in 2017. The 
distribution of the high value of annual mean LACs DRF is similar to that 
of BC DRF, as BC is the largest contributor to LACs DRF, reaching 90% 
(89%) in 2017 (2014). 

5.1. BC DRF 

Fig. 7 shows the spatial distributions of seasonal and annual mean 
clear-sky DRF of BC at TOA in China simulated by the GEOS-Chem 
model for 2014 (Fig. 7a) and 2017 (Fig. 7b). The annual mean value 
of BC DRF in China is 0.91 W m− 2 (1.23 W m− 2) in 2017 (2014), and is 
smaller compared with those from the previous studies (1.22 W m− 2 to 
3.0 W m− 2, Li et al., 2016; Liu et al., 2022; Yang et al., 2017), which is 
likely related to the decline in simulated BC concentrations due to the 
implementation of emission reduction policies and the differences in the 
setting of the BC optical properties (Liu et al., 2022; Yang et al., 2017). 

Similar to the distribution of BC concentration and AAOD, the sea-
sonal mean value of BC DRF is highest in DJF, which is 1.14 W m− 2 

(1.42 W m− 2) in China in 2017 (2014) and the high values of BC DRF are 
located in the Sichuan Basin and central-eastern China, ranging from 
5.50 to 8.50 W m− 2 (6.00 to 7.50 W m− 2). In JJA, the seasonal mean 
value of BC DRF in China is 0.82 W m− 2 (1.15 W m− 2) in 2017 (2014), 
higher than that in SON by 0.65 W m− 2 (0.89 W m− 2). The high values of 
BC DRF in JJA are located in the North China Plain, with 3.50–5.00 W 
m− 2 (4.50–6.50 W m− 2) in 2017 (2014). 

Fig. 7c shows the changes in simulated seasonal and annual mean BC 
DRF in China between 2017 and 2014. From 2014 to 2017, the annual 
average BC DRF in China decreases by 0.32 W m− 2, which is largely 
attributed to the anthropogenic sources by 88%. In terms of seasonal 
changes, the BC DRF decreases largest in JJA, mainly concentrated in 
the central China by above 1.60 W m− 2. In DJF (SON), the large decrease 
of BC DRF is mainly concentrated on northern China, by up to 1.88 W 
m− 2 (1.67 W m− 2), which is related to the reduction of BC emissions due 
to the promotion of clean energy heating in winter and the straw 
burning ban in the autumn harvest season (Meng et al., 2019). 

5.2. BrC DRF 

Fig. 8 shows the spatial distribution of seasonal and annual mean 
clear sky BrC DRF at TOA in China in 2014 (Fig. 8a) and 2017 (Fig. 8b) 
simulated by the GEOS-Chem-RRTMG model. The annual mean of BrC 
DRF in China is 0.11 W m− 2 in 2017 and 0.15 W m− 2 in 2014, dominated 
by the BF source (46% in 2017 and 44% in 2014) and the BB source 
(38% in 2017 and 43% in 2014), with CC source being low (16% in 2017 
and 13% in 2014). Compared to the values (0.04–0.11 W m− 2) reported 

Fig. 7. (a) Simulated seasonal and annual average clear-sky TOA DRF of BC in China in 2014, (b) same as (a), but in 2017, (c) differences in simulated seasonal and 
annual average clear-sky TOA DRF of BC in China between 2017 and 2014. 
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in previous studies (Brown et al., 2018; Feng et al., 2013; Jo et al., 2016; 
Wang et al., 2014, 2018a; Zhang et al., 2021a), the BrC DRF estimated in 
the present study is at a high level, which may be due to the differences 
in the emission and optical properties of BrC used in the model. The BrC 
DRF in southwestern and northeastern China (Fig. 6) shows large 
contribution to the LACs DRF by about 10–30%, which is related to local 
biomass combustion (Fan et al., 2017; Lian et al., 2022; Ma et al., 2018; 
Tian et al., 2013) and the transmission of biomass combustion in 
neighboring areas (Duc et al., 2016; Zhu et al., 2017, 2018). 

Similar to the BrC AAOD, the seasonal mean BrC DRF in China is 
highest in MAM, by 0.15 W m− 2 (0.25 W m− 2) in 2017 (2014), with the 
largest contribution from the BB source by 45% (60%) in 2017 (2014). 
In MAM, southwestern China and northeast China are the main regions 
with high values of BrC DRF, by >0.60 W m− 2, which is related to the 
large amount of open air biomass burning in the local and surrounding 
region (Ma et al., 2018; Zhu et al., 2017, 2018). In JJA, the seasonal 
mean BrC DRF in China is 0.11 W m− 2 (0.13 W m− 2) in 2017 (2014), 
with the largest contribution from BB sources by 62% (57%) in 2017 
(2014). In JJA, the northeastern China plain has a high value of BrC DRF 
due to the transport of carbonaceous aerosols from forest fire in Russia 
and Mongolia (Zhu et al., 2018). In DJF, the seasonal mean BrC DRF 
value is 0.11 W m− 2 (0.14 W m− 2) in 2017 (2014) with the largest 

contribution from the BF and CC sources by 67% and 22% (69% and 
21%), respectively, and the highest seasonal mean BrC DRF values are 
mainly distributed in the North China Plain, Sichuan Basin, and Central 
China. In SON, the seasonal mean BrC DRF value is the smallest，about 
0.06 W m− 2 (0.07 W m− 2) in 2017 (2014) in China. 

Fig. 8c shows the reduction of simulated seasonal and annual mean 
BrC DRF in China between 2017 and 2014. In 2017, the annual mean 
BrC DRF in China decreases by 0.04 W m− 2 from 2014, significantly in 
southwestern China by >0.10 W m− 2. Due to a decrease in BB emissions 
(Fig. S5), the BB source is the largest contributor to the reduction of 
annual mean BrC DRF (by 56%), followed by BF (36%) and CC (8%). 
Similar to BrC AAOD, the seasonal mean BrC DRF declines most 
dramatically in MAM by 0.11 W m− 2 from 2014 to 2017, with the largest 
contribution from the BB source (81%), and the reduction is mainly 
distributed in southwestern China by up to 0.30 W m− 2, likely attributed 
to the reduced emissions from natural sources, such as forests and 
shrubland fires in the local and neighboring areas (Reddy et al., 2020; 
Huang et al., 2021). Similar to BrC AAOD, the seasonal mean BrC DRF 
also declines in Northeast China Plains in MAM, with regional means 
values up to about 0.12 W m− 2, and the main contribution is from the BB 
source (76%), which is attributed to the reduction of emissions from 
agricultural and forest fire sources in the local and neighboring areas (Fu 

Fig. 8. (a) Simulated seasonal and annual average clear-sky TOA DRF of BrC in China in 2014, (b) same as (a), but in 2017, (c) differences in simulated seasonal and 
annual average clear-sky TOA DRF of BrC in China between 2017 and 2014. 
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et al., 2022; Yang et al., 2020; Zhu et al., 2023). In DJF, the seasonal 
mean BrC DRF decreases by about 0.03 W m− 2, which is mainly due to 
the contribution of the BF source (75%), followed by the CC source 
(17%) and the BB source (8%). The high value of the BrC DRF decline is 
located in the central-eastern part of China and can reach up to 0.10 W 
m− 2. In JJA, BrC DRF decreases by 0.02 W m− 2, mainly due to reduced 
BF source (69%), followed by BB (17%) and CC (14%). The decreased 
BrC DRF could be as high as 0.10 W m− 2 in JJA, mainly distributed in 
central and northern China, which may be related to the reduction of 
carbonaceous aerosol emissions during the summer harvest season after 
the implementation of straw burning ban policy (Tang et al., 2020b). 

6. Discussions 

There are large uncertainties in the estimates of LACs DRF in the 
present study. The BC particles are simply assumed to be spherical and 
external mixed in the GEOS-Chem model. Studies have shown that the 
complex particle structures/morphology would significantly affect the 
optical properties and hence radiative properties of BC. For example, 
Luo et al. (2022) showed that compared to fractal structures, spherical 
structures can lead to a reduction of the BC AAOD by 8% and the 
regionally averaged BC aerosol-radiation interaction by 17.1–38.7%. 
The absorption cross-section of internally mixed coated BC may increase 
by 20–250% compared to externally mixed, depending on the coating 
structure and morphology (He et al., 2015). The researches using 
microphysics schemes (e.g., He et al., 2016; Chen et al., 2017) show that 
there are great differences in the aging time of BC in China, and a fixed e- 
folding time of 1.15 days used to parameterize BC aging in the present 
study would also bring errors to the simulations of BC concentration and 
its optical properties. Meanwhile, the absorption enhancement factor 
(Eabs) of BC generally varies widely in the range of 1–3.5 (Cappa et al., 
2012; Chung et al., 2012; Cui et al., 2016; Peng et al., 2016; Zhang et al., 
2008), as obtained from many observations and studies based on optical 
model. The fundamental reason for the difference in Eabs of BC is in the 
degree of aging, and the Eabs of BC changes dynamically in different 
regions, periods, and pollution conditions (Li et al., 2024; Tan et al., 
2020). The use of a fixed single Eabs of 1.5 recommended by Bond et al. 
(2006) thus likely introduce large errors in the estimation of the AAOD 
and DRF. As for BrC, we use an assumed BC/OC emission ratio to 
distinguish between CC and BF, and observed BC/OC and MAE to 
parameterize the optical properties of BB/BF and CC, respectively, all of 
which would introduce uncertainty into the modeling results. Finally, 
secondary BrC was not considered in the present study. Although many 
studies have shown that SOA has significantly lower light absorption 
than POA (Martinsson et al., 2015; Ni et al., 2021; Saleh et al., 2013; 
Wang et al., 2016), ignoring SOA would also result in an underestima-
tion of the DRF of LACs (Wang et al., 2019). 

7. Conclusions 

We used the coupled GEOS-Chem-RRTMG model to investigate 
temporal and spatial variations of the AAOD and DRF of LACs over 
China during the implementation of APPCAP. We updated the refractive 
index of BC and included solid fuel combustion in the residential sector 
and open-air biomass burning as sources of BrC, and distinguish the 
optical properties of BrC from different combustion sources. 

Our results showed that model could reasonably capture the spatial 
and temporal variations of LACs in China. Compared to the daily ob-
servations from 4 AERONET sites in Beijing and Xianghe, the observed 
and simulated biases of the LACs AAOD at 440 nm were from − 25.97% 
to − 1.47% (− 9.04%–4.28%) in 2017 (2014) and the corresponding 
correlation coefficients were >0.63. The simulated annual mean LACs 
AAOD at 440 nm in China was 0.016 (0.021) in 2017 (2014), with the 
contributions of 80% (79%) from BC and 20% (21%) from BrC. The 
contribution of the BF source to BrC AAOD was the highest by 50% in 
2017 and 48% in 2014, followed by the BF (31% and 36%) and CC 

sources (19% and 16%). 
The simulated annual mean clear-sky LACs DRF at TOA in China was 

1.02 W m− 2 (1.38 W m− 2) in 2017 (2014), with the contribution of 90% 
(89%) from BC and 10% (11%) from BrC. The simulated annual mean 
BC DRF in China was 0.91 W m− 2 in 2017 (1.23 W m− 2 in 2014). From 
2014 to 2017, BC DRF in China decreased significantly, with the 
contribution from anthropogenic sources by 88%, largely related to the 
implementation of APPCAP. The simulated annual mean BrC DRF was 
dominated by the BF source (46% in 2017 and 44% in 2014), followed 
by the BB (38% in 2017 and 43% in 2014) and CC (16% in 2017 and 
13% in 2014) sources, and the high values were mainly located in the 
eastern China by >0.2 W m− 2 in 2017 and 0.3 W m− 2 in 2014. The 
present study would improve the understanding of the climate effects of 
LACs in China during the implementation of APPCAP. 
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