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A B S T R A C T

Black carbon (BC) and brown carbon (BrC) are significant light-absorbing components of particulate matter that 
impact weather and climate. Biomass burning (BB) and biofuel (BF) emissions in Southeast Asia are key global 
sources of BC and BrC. This study utilizes the Weather Research and Forecasting-Community Multiscale Air 
Quality (WRF-CMAQ) model, integrating a BrC module for the first time, alongside the Global Fire Emissions 
Database Version 4, to assess the direct radiative effect (DRE) of BC and BrC in March 2015 over Southeast Asia. 
The novel BrC module parameterizes light absorption based on the BB BC to organic aerosol (OA) ratio in each 
model grid and time step, aligning better with smog chamber experiments than default coefficients. Results show 
that BC DRE affects clear sky net radiation at the top of the atmosphere, reaching 14.6 W/m2 in Indochina and 
5.1 W/m2 in southern China, while BrC DRE reaches 1.9 W/m2. Additionally, BC and BrC DRE induce a cooling 
effect at the Earth’s surface, with the maximum reduction of the clear sky downward shortwave radiation by 
− 36.9 W/m2 and − 5.2 W/m2, respectively. BC and BrC lead to a tiny decrease (<0.1 ◦C) in surface temperature 
and an increase in upper air temperature. Surface O3 concentration tends to slightly decrease (<1.0 ppbv) due to 
the DRE of BC and BrC. In comparison to studies using the default coefficient, this result contributes to a more 
nuanced understanding of the interactions between BC, BrC, and radiation.

1. Introduction

Aerosols, including sulfate, nitrate, ammonium, black carbon (BC), 
and organic aerosol (OA), are significant environmental pollutants that 
can have adverse effects on visibility and human health (Johnston et al., 
2012; Chen et al., 2017; Reddington et al., 2021). These aerosols can 
influence the Earth’s energy balance through both direct and indirect 
radiative effects. Generally, non-light-absorbing aerosols such as sulfate 
and nitrate tend to reflect solar radiation back into space, while 
dark-colored aerosols like BC have the capability to absorb substantial 
amounts of light (Charlson et al., 1992; Moosmüller et al., 2009; Baha
dur et al., 2012; Qin et al., 2018). OA was initially characterized as 
‘white’ in the atmosphere, which can only scatter the sunlight and cool 
the climate. However, a great number of OA has been reported to 

effectively absorb light in the ultraviolet–visible range (Pöschl, 2005; 
Zhang et al., 2017; Yan et al., 2018), and this fraction of OA was firstly 
named as brown carbon (BrC) by Andreae and Gelencsér (2006). The 
absorbility of BC and BrC can heat the atmosphere, reduce the reflec
tivity of snow and ice by depositing on them, and alter the microphysical 
properties of clouds (Guyon et al., 2005; US Environmental Protection 
Agency, 2012; Bond et al., 2013). Furthermore, the alteration in light 
and meteorological conditions can influence the atmospheric oxidizing 
capacity, and the formation and degradation of pollutants. These 
changes will affect the production rate of ozone (O₃) and secondary 
organic aerosols (Cheng et al., 2014; Jo et al., 2016; Li et al., 2018), as 
well as lead to the persistent presence of polyurethane plastics in envi
ronmental systems (Tian et al., 2024a; Cui et al., 2024; Tian et al., 
2024b).
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Currently, our understanding of BC is relatively comprehensive, and 
the radiative effect of BC has been widely incorporated into climate and 
regional models (Bond and Bergstrom, 2006; Ramanathan and Carmi
chael, 2008; Wu et al., 2008; Bond et al., 2011). As a significant 
contributor to global warming, UNEP/WMO assessment (UNEP and 
WMO, 2011) evaluated a number of studies on the climate impact of BC 
and reported the global annual average direct radiative effect (DRE) of 
BC ranged from +0.2 to +0.9 W/m2. Through extensive field observa
tions and laboratory simulations of carbonaceous aerosols, the under
standing of BrC has significantly advanced over the years (Mukai and 
Ambe, 1986; Pöschl, 2005; Andreae and Gelencsér, 2006), and solar 
absorption of BrC was found to be comparable to that of BC near 
ultra-violet wavelengths in some cases (Bahadur et al., 2012; Chung 
et al., 2012; Kirchstetter and Thatcher, 2012; Saleh et al., 2018). How
ever, different from BC, which consists of pure carbon in several linked 
forms with uniform physicochemical and optical properties, BrC is a 
more complex mixture of organic compounds. BrC can originate from 
incomplete combustion of biomass and biofuels (BF) (Hecobian et al., 
2010; Saleh et al., 2013; Xie et al., 2018), as well as chemical reactions of 
volatile and semi-volatile organic compounds (e.g., aromatic hydroxyl 
acid) in the atmosphere (Wu et al., 2016). These compounds possess 
diverse structures and properties, which can influence their optical 
characteristics. The complexity of BrC poses challenges in studying and 
comprehending its properties and impact on the environment and 
human health. Despite integrating BrC into models poses challenges due 
to its complex nature, the significance of BrC observed in the field and in 
laboratory experiments has still prompted an increasing number of 
studies to attempt to incorporate the radiative effects of BrC into models 
(Park et al., 2010; Saleh et al., 2015; Brown et al., 2018). The discussion 
on the optical properties of BrC is the most effective from a practical 
standpoint, which has also been highly considered in the models. Some 
studies have assumed that a portion of the OA is BrC and have assigned a 
new optical property for BrC to differentiate BrC from non-absorbing OA 
(Feng et al., 2013; Zhang et al., 2020). However, the proportion of BrC in 
OA, which is impacted by fuel types, burning conditions, etc., can be 
vary greatly, and a fixed BrC optical property does not adequately 
represent the complexity of BrC. Benefit from field observations and 
laboratory simulations, the BrC absorptivity and the wavelength 
dependence of the absorptivity from biomass burning (BB) and BF can 
be parameterized as a function of the BC to OA ratio, regardless of 
burning types and conditions (Saleh et al., 2014; Wang et al., 2016). This 
parameterization has been widely used in modelling studies. With the 
BrC parameterization scheme, most studies simulated BrC on a global 
scale and the simulated BrC DRE ranged from +0.03 to +0.6 W/m2 

(Saleh et al., 2015; Brown et al., 2018; Wang et al., 2018; June et al., 
2020).

Most model-based studies on BrC DRE have primarily focused on 
climatic or global impacts, with few investigating local or short-term 
scales. However, similar to BC, BrC is prevalent in particular 
geographic regions, such as Southeast Asia, South America, Africa, 
where high levels of biomass burning occur, leading to a substantial 
contribution of both BC and BrC DRE in these areas. Previous studies 
found that from a regional scale perspective, the BC DRE can be more 
than 8 W/m2 (Hansen et al., 2005; Zhang et al., 2009; Lin et al., 2014; Li 
et al., 2022), which is much significant than that from a global scale. 
Few studies have found that BrC DRE can reach 1 W/m2 in a regional 
scale (Park et al., 2010; Zhang et al., 2020). Southeast Asia is a diverse 
region characterized by its tropical climate, rich biodiversity, and varied 
geographical features. Biomass burning from land clearing for agricul
ture and forest management, is prevalent in countries like Indonesia and 
Malaysia (van Marle et al., 2017). This practice significantly contributes 
to the emission of BC and BrC, both of which are light-absorbing aerosols 
that impact air quality and climate during the springtime due to frequent 
BB activities in Indochina. Our previous study (Huang et al., 2023) 
investigated the emission and direct aerosol radiative effects of BB in 
Southeast Asia, and revealed that BB activities in March significantly 

impacted local meteorological conditions and air quality, as well as 
downwind regions such as Southern China. However, the previous study 
did not account for the DRE of BrC.

In this study, for the first time, we integrated a parameterization of 
BrC DRE into the Weather Research Forecast-Community Multiscale Air 
Quality Modeling System (WRF-CMAQ) two-way coupled model to 
improve our comprehension of the influence of BrC’s solar radiation 
absorption on meteorology and air quality. In comparison to studies 
using the default coefficient, this result contributes to a more nuanced 
understanding of the interactions between BC, BrC, and radiation. The 
WRF and CMAQ models are widely used in meteorological and air 
quality studies, respectively (Dong and Fu, 2015; Huang et al., 2018; 
Takami et al., 2020; Huang et al., 2021), and they have been continu
ously updated to benefit the related research and applications. We 
anticipate that this study will serve as a reference for model developers 
and researchers investigating the impact of BC and BrC DRE at regional 
and short-term scales.

2. Data and method

2.1. Model introduction and configuration

A introduction of WRF and CMAQ models is included in the Sup
plementary Text S1. However, these models have traditionally operated 
independently (depicted in black in Fig. 1), lacking information ex
change between them as the WRF provides meteorological fields to 
CMAQ in a unidirectional manner. The WRF-CMAQ two-way coupled 
model Wong et al. (2012) is an advanced modeling system which utilizes 
a “feedback” coupler (depicted in blue in Fig. 1) to establish a feedback 
path between meteorological processes and chemical reactions. This 
coupling mechanism is designed to maintain the independence and 
functionality of both the WRF model and the CMAQ model. In the 
coupled system, WRF and CMAQ are simultaneously integrated and 
information from CMAQ (like aerosol concentration) is passed into the 
“feedback” module so that the chemistry can impact the weather. In the 
feedback module, a subroutine incorporating the Rapid Radiative 
Transfer Model for Global Circulation Model (RRTMG) calculates the 
aerosol optical properties, including extinction optical depth, single 
scattering albedo, asymmetry parameter, and forward scattering frac
tion, in 14 shortwave spectral bands. The aerosols in WRF-CMAQ are 
divided into five groups: water-soluble aerosols, sea salt, water-insoluble 
aerosols, elemental carbon (i.e. BC), and water. Each group has its own 
refractive and extinction coefficients, which are obtained from the Op
tical Properties of Aerosols and Clouds (Hess et al., 1998) database using 
linear interpolation to match the central wavelength of the RRTMG 
wavelength intervals. The extinction and scattering coefficients, as well 
as the asymmetry factor, are calculated using the efficient 
Gauss-Hermite numerical-quadrature method. This method integrates 
the Bohren & Huffman Mie codes over log-normal size distributions 
representing the Aitken, accumulation, and coarse modes. All BC is 
coated with a well-mixed shell composed of other aerosols, which is 
called core-shell (BC-other aerosols) morphology.

In this study, we utilized the WRF version 4.3 and CMAQ version 
5.3.3 models to develop the WRF-CMAQ coupled model, which in
corporates the direct aerosol radiative forcing to investigate the radia
tion effects of BC and BrC over Southeast Asia. The study area is a 12-km 
horizontal resolution domain covering southern China and Indochina 
(Fig. 2), and the hybrid sigma-pressure difference vertical coordinate 
system is employed with 38 vertical layers. The WRF model and radia
tion module timesteps are set to 30 seconds, and the WRF and CMAQ 
models are coupled every 10 minutes. The detailed model configurations 
are summarized in Table 1, which is consistent with our previous study 
(Huang et al., 2023). To account for the significant radiative effect of BC, 
it is considered independently in the model. However, for BrC, it is 
incorporated into the water-insoluble aerosol category, although the 
average extinction coefficients might not sufficiently capture BrC’s 
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optical properties. In Section 2.3, we will provide an overview of how 
the BrC module was integrated into the model workflow. Based on our 
previous study, the impact of BB from the Indochina region was not 
prominent in April. Therefore, we focused on the month of March 2015 
as the study period.

We designed and conducted three sets of experiments: 

1. CTRL: includes both BC and BrC direct radiation effects.
2. BrC_OFF: Considers only BC direct radiation effect, with BrC radia

tion effect turned off.
3. BC_OFF: Considers only BrC direct radiation effect, with BC radiation 

effect turned off.

2.2. Emission inventories

Anthropogenic emissions data is obtained from the Emissions Data
base for Global Atmospheric Research (EDGAR, https://data.jrc.ec.eur 
opa.eu/dataset/377801af-b094-4943-8fdc-f79a7c0c2d19; Crippa 
et al., 2019; Crippa et al., 2020) version 5 for the base year 2015, with a 
grid resolution of 0.1◦ × 0.1◦. The BB emission for 2015 is extracted 
from the Global Fire Emissions Database (GFED, https://daac.ornl. 
gov/VEGETATION/guides/fire_emissions_v4.html; Randerson et al., 
2017) version 4. The injection height of BB smoke plumes, which 
significantly influences the long-range transport of BC and BrC, is 
parameterized using the Western Regional Air Partnership (WRAP) 
method (Air Sciences, 2005). Biogenic emission is simulated by the 
Model of Emissions of Gases and Aerosols from Nature (MEGAN; 
Guenther et al., 2020) version 3.1. For more detailed information on the 
data processing of EDGAR, GFED, BB plume injection height, and 
biogenic emissions, as well as model evaluation, please refer to Huang 
et al. (2023) and Text S2.

In this study, the BF emission is also considered because it contrib
utes considerably to BC and BrC. The BF emission data is obtained from 
the Regional Emission Inventory in Asia (REAS, https://www.nies.go. 

jp/REAS/index.html; Kurokawa and Ohara, 2020) version 3.2 for the 
base year 2015. The database provides the annual total BF emissions for 
each province/state in Asian countries. Nine emission species from the 
database are allocated to the Carbon Bond 6 (CB6) gas-phase mechanism 
and the Aero7 (AE7) aerosol mechanism for CMAQ-ready input. The 
annual total emission amount is distributed equally across each day and 
divided into hourly emission rates based on human activity frequency. 
Additionally, the data are interpolated to a spatial resolution of 12 km 
and adjusted to an appropriate vertical structure consistent with the 
model system.

Fig. S1 shows the average BB and BF emission ratios in March 2015. 
BB dominates the BC and OA emissions over the Indochina Peninsula, 
while BF emissions are mainly distributed over Bangladesh and main
land China. BB emissions exhibit a more concentrated emission intensity 
compared to BF emissions, implying higher local BrC concentrations 
from BB sources. Furthermore, BB emissions can be transported into the 
upper atmosphere and impact downstream areas (Huang et al., 2023), 
while BF emissions may primarily affect local regions because it has 
been allocated in the surface layer in this study. However, the BC to OA 
ratio (Fig. 3 (a), introduced in Section 2.3) of BF suggests a stronger 
extinction coefficient for BF emissions than for BB emissions.

2.3. BrC module

In the present study, the default scheme in the WRF-CMAQ, which 
assigns OA as the water-insoluble aerosol with an averaged extinction 
coefficient, has been substituted by a scaling module, according to the 
study of Saleh et al. (2014). To be specific, the optical property can be 
described by the complex refractive index (m = n + ik), where n rep
resents the scattering efficiency, and k represents the extinction effi
ciency. The wavelength dependence of k can be approximately 
expressed as an exponent of the power law (k(λ) = k550 (550/λ)w), where 
k550 is k at 550 nm, λ represents the specific wavelength, and w describes 
the wavelength dependence of k. Saleh et al. (2014) reported that the 

Fig. 1. A schematic diagram of WRF and CMAQ models (depicted in black), the WRF-CMAQ coupled model coupled by feedback module (depicted in black and 
blue), and the updated BrC module in this study (depicted in red). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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effective absorptivity at 550 nm of OA (kOA,550) and the wavelength 
dependence of kOA could be parameterized by the ratio of BC to OA 
(BC/OA), as expressed respectively by Equations (1) and (2) below: 

kOA,550 =0.016 log10

(
BC
OA

)

+ 0.04 (1) 

w=
0.21

BC
OA + 0.07

(2) 

The function of w is to extend the kOA from 550 nm to the full 
spectrum. In Equations (1) and (2), the OA effective absorptivity is 
parameterized as a function of BC/OA ratio of the BB and BF emissions. 
The updated BrC module (depicted in red in Fig. 1) retrieves the BC and 
OA concentrations of BB and BF from a pre-prepared file. The parame
terization code then adjusts the imaginary part of the refractive index at 
the real-time wavelength based on the calculated BC/OA ratio at each 
time step and grid point. Saleh et al. (2014) reported that the BC/OA 
ratios in equations (1) and (2) range from 0.01 to 0.5. To independently 
determine the BB and BF concentrations, two simulations are conducted: 
one with BB and BF emissions and one without. The difference in BC and 
OA concentrations between these simulations is attributed to BB and BF 
emissions. Implementing this function in the WRF-CMAQ model offers 

several advantages. Firstly, it eliminates the need for a BrC emission 
inventory, which is often unavailable. Additionally, it does not require 
numbers of specific BrC aerosol optical properties or the consideration of 
BrC formation through other chemical processes. Moreover, the changes 
to the model structure are minimal, reducing potential errors.

Fig. 3 (a) displays the monthly average BC/OA ratio across the 
research domain. It can be observed that in most Indochina regions, 
which are hotspots of BB emissions, the ratio is around 0.15, except in 
Myanmar, where it can exceed 0.2. In regions dominated by BF emis
sions, such as China, the ratio is around 0.17. Please note that the ratio 
shown in this figure represents an average value, while the actual input 
into the model varies hourly as described earlier. Fig. 3 (b) illustrates the 
OA extinction coefficients as a function of wavelength (with the x-axis 
reversed). The blue curve represents the default water-insoluble aerosol 
extinction coefficients in the WRF-CMAQ model, while the other curves 
depict the OA effective extinction coefficients. The parameterized OA 
effective absorptivity varies with the BC/OA ratio. It is observed that as 
the wavelength decreases, the OA extinction coefficients increase. When 
compared to the default WRF-CMAQ scheme, an increase in the BC/OA 
ratio causes a significant rise in the kOA,550 value indicating a “darker” 
BrC when higher BC component dominates. The relationship between 
BrC absorption and the BC/OA ratio has been confirmed through 

Fig. 2. WRF (red box) and CMAQ (blue box) simulation domains. The six study regions are marked by different colors, as follows: the Indochinese Peninsula (Indo- 
CN, orange), the Yunnan–Guizhou Plateau (YN_GZ, red), Hainan Island (HN, turquoise), Southern China (GD_GX, yellow), Taiwan Island (TW, green), and other 
regions (OTH, gray). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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laboratory studies of biomass and biofuel combustion, field observa
tions, and comparisons of climate-model outputs with satellite obser
vations (Saleh et al., 2014; Saleh et al., 2015; Saleh, 2020). The real part 
of the refractive index remains consistent with the default 
water-insoluble aerosols in the model system, ranging from 1.168 to 
1.53 at different wavelengths.

3. BC and BrC absorption directive radiative effect

Based on the model experiments, we provide the following inter
pretation of the radiative absorption effects of BC and BrC: The CTRL 
simulation represents the combined synergistic effect of BC and BrC. By 
comparing it with the BC_OFF simulation, we can isolate and quantify 
the light absorption effect of BC (BC DRE). Similarly, the difference 
between CTRL and BrC_OFF simulations represents the light absorption 
effect of BrC (BrC DRE). To better understand the regional impacts of BC 
and BrC, we divide the model domain into six study regions, each rep
resented by a different color in Fig. 2. These regions are as follows: the 
Indochina Peninsula (Indo-CN), Yunnan and Guizhou (YN_GZ), Hainan 
Island (HN), Guangdong and Guangxi (GD_GX), Taiwan Island (TW), 
and other regions (OTH). In this study, the impact of BC and BrC DRE is 
closely linked to solar radiation. To facilitate observation of these ef
fects, we focuse on a specific local time period from 10 a.m. to 5 p.m. for 
our calculations. The model performance evaluation of the CTRL 
simulation can refer to Text S3.

3.1. Impact of BC and BrC DRE on radiation

3.1.1. Monthly average
Fig. 4 (a-c) show the monthly mean clear sky net radiation (short

wave + longwave) flux at the top of the atmosphere (TOA) in March 
2015, while Fig. 4 (d–f) show the monthly mean clear sky downward 
direct shortwave flux on the surface. It is important to note that the 
figures use a plate carrée map projection for faster visualization and 
reduced distortion in tropical regions. Consequently, the WRF domain is 
embedded within the plot domain due to its Lambert projection. The 
analysis focuses on clear sky radiation flux to eliminate the influence of 
clouds. In Fig. 4 (a–d), the CTRL simulation effectively captures the 
spatial distribution pattern of clear sky TOA net radiation flux and 
downward shortwave flux. Fig. 4 (a) shows high values over the lower 
latitudes, indicating efficient absorption by tropical oceans. Scattered 
low values over the Tibetan Plateau indicate the presence of snow cover 
at high altitudes, which reflects shortwave radiation back to space. Fig. 4 
(d) reveals a distinct distribution of solar radiation intensity, with the 
downward shortwave flux gradually decreasing from south to north in 
March. The Yunnan and Tibetan Mountain regions exhibit high values 
due to their elevated altitudes.

Fig. 4 (b, c) demonstrate that both BC and BrC exert significant 
radiative forcing in the atmospheric system. Generally, BC and BrC ab
sorption DRE contribute positively to the clear sky net radiation at the 
TOA, indicating a warming effect on the Earth system. Specifically, the 
maximum, minimum, and average values in the six study regions can be 
found in Table S2. Fig. 4 (b) illustrates that the BC and BrC DRE impacts 
can reach as high as 14.6 and 1.9 W/m2, respectively, with regional 
averages of 2.7 and 0.6 W/m2, respectively, over the Indochina Penin
sula. As discussed in Huang et al. (2023), aerosols derived from BB can 
ascend to altitudes of 2500–3000 m, which is close to the altitude of the 
Yunnan and Guizhou region in March. This leads to regional average 

Table 1 
Model configuration.

Domain Setting
horizontal resolution 12 × 12 km
vertical resolution 38 sigma-pressure hybrid levels with a top pressure of 

50 mb
WRF configuration
version v4.3
cloud microphysics Efficient WRF single-moment 3-class
longwave & shortwave 

radiation
RRTMG

land-surface process Pleim–Xiu land-surface model
planetary boundary layer 

scheme
ACM2

cumulus 
parameterization

Grell 3D

grid nudging On
model timesteps 30 s
radiation timesteps 10 min
WRF driven data 6-hourly National Centers for Environmental Prediction 

Final operational global analysis data (http://rda.ucar. 
edu/datasets/ds083.2/) on 1◦ × 1◦ grids

CMAQ configuration
version v5.3.3
gas-phase chemistry 

mechanism
CB6r3 with Euler backward iterative solver

aerosol mechanism AE7
dry deposition m3dry
advection WRF_CONS
vertical diffusion ACM2_m3dry
coupled frequency 20
initial and boundary 

conditions
seasonal average Hemispheric CMAQ Output in 2016 
over the northern hemisphere (https://drive.google. 
com/file/d/15Vt6f5WuyN8RiLRjTlKeQUHjYbZ6 
QCrA/view)

emission data EDGAR version 5 for the base year 2015, with a grid 
resolution of 0.1◦ × 0.1◦ (https://data.jrc.ec.europa. 
eu/dataset/377801af-b094-4943-8fdc-f79a7c0c2d19). 
The Global Fire Emissions Database (GFED, https:// 
daac.ornl.gov/VEGETATION/guides/fire_emission 
s_v4.html; Randerson et al., 2017) version 4 for the BB 
emission in 2015 
Regional Emission Inventory in Asia (REAS, 
https://www.nies.go.jp/REAS/index.html) version 3.2 
for BF emission in 2015 
MEGANv3.1 for biogenic emission

Fig. 3. Default insoluble aerosol extinction ecoefficiency and parameterized 
OA effective absorptivity.
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changes caused by BC and BrC DRE of 1.9 and 0.6 W/m2, respectively. 
The southwesterlies dominate the free troposphere in this region, 
transporting BB pollutants northeastward to southern China. Addition
ally, the high altitude of the Yunnan and Tibetan Mountain ranges fa
cilitates the transport of biomass pollutants to northern and eastern 
China under favorable wind conditions. This transportation belt can be 
well identified from the GD_GX region and HN island to TW island and 
even further regions (OTH). The regional average impact of BC and BrC 
DRE on GD_GX and HN regions are even higher than the Indo-CN region, 
with values of 3.7 and 0.9 W/m2, respectively. In the HN region, these 
impacts are 3.2 and 0.7 W/m2, respectively. Despite long-range trans
port, BC and BrC still have a considerable impact on TW, with regional 
average values of 2.0 and 0.5 W/m2, respectively. In the OTH region, the 
impact of BC and BrC can reach 12.7 and 1.8 W/m2, respectively, 
particularly in basin regions that tend to trap more air pollutants. 
However, the impacts on most OTH regions are generally smaller than 
those of other study regions, with average BC and BrC impacts of 0.7 and 
0.2 W/m2, respectively. This is partly due to the OTH region being far 
from the BB source and not covered by the transport track of biomass 
pollutants. Additionally, BF emissions, which is allocated at the model’s 
surface, have a shorter lifetime than BB emissions. As a result, the in
fluence of BF emissions is generally less significant than that of BB 
emissions. Therefore, despite the considerable emissions from BF, the 
overall influence patterns are predominantly determined by the trans
port pathway of BB.

Focusing on the clear sky downward shortwave radiation at the 
surface, Fig. 4 (e, f) illustrate a similar but negative radiation change 
caused directly by the trapping of more shortwave radiation by lofted BC 
or BrC. The regional averages of shortwave flux reduction associated 
with BC DRE are − 6.4, − 4.2, − 8.0, − 7.0, − 4.5, and − 1.7 W/m2, with 
regional maximum reaching as low as − 36.9, − 12.3, − 10.2, − 8.4, − 6.3, 
and − 34.1 W/m2 over Indo-CN, YN_GZ, GD_GX, HN, TW, and OTH re
gions, respectively. The regional average decreases in the shortwave flux 
owing to BrC DRE are − 1.3, − 1.1, − 1.6, − 1.4, − 1.1, and − 0.4 W/m2, 
with regional maximum values of − 5.2, − 2.2, − 2.2, − 1.7, − 1.6, and 
− 4.4 W/m2 over Indo-CN, YN_GZ, GD_GX, HN, TW, and OTH, 
respectively.

3.1.2. Monthly variation
Fig. 5 and S3 show the monthly variations of clear sky net forcing at 

the top and downward direct shortwave flux on the surface caused by BC 
and BrC absorption DRE, along with their regional average percentage 

contributions. The box and whisker plots represent the range of varia
tion among grids in each study region. In order to present key infor
mation more effectively, data points above the 95th percentile and 
below the 5th percentile are excluded in Fig. 5 (a–f) and S3 (a-f). Thus, 
the bottom bar of the whisker represents the smallest 5% of the data, 
while the top bar represents the highest 5% of the data. The bottom and 
top bars of the box represent the 25th and 75th percentiles, respectively, 
and the middle bar of the box represents the average.

The concentrations of BC and OA can vary significantly on a daily 
basis (Fig. S2), leading to considerable variation in the impact of BC and 
BrC DRE, as illustrated in Fig. 5 (a–f) and S3 (a-f). Since the Indo-CN 
region is the source of BB emissions, the monthly span of the daily 
average net forcing at the top (represented by the middle bar of the box 
in the figures) is smaller in this region compared to others. During March 
2015 (Fig. 5 (a)), the daily average net forcing at the top can range from 
0.9 to 5.0 W/m2 due to BC DRE and from 0.1 to 1.1 W/m2 due to BrC 
DRE. When it comes to the daily average of the decrease in the short
wave flux, the value can range from − 11.2 to − 2.5 W/m2 due to BC DRE 
and from − 2.3 to − 0.5 W/m2 due to BrC DRE (Figure S3 (a)). The 
monthly spans of the average radiative impact are larger in the GD_GX, 
HN, and TW regions, reflecting the changing transport pathway of BB 
pollutants during March 2015. The impact of BC and BrC DRE is greater 
when the BB pollutants’ transport pathway covers the study regions, 
while it is smaller when it does not. For instance, in the GD_GX region 
(Fig. 5 (c)), the daily average net forcing at the top due to BC DRE can be 
as low as 0.6 W/m2 when not effected by BB pollutants, and the value 
can reach 10.4 W/m2 when BB highly affects GD_GX region. Similarly, 
the daily average net forcing at the top can range from 0.1 to 2.4 W/m2 

due to BrC DRE. In addition, the daily average of the decrease in the 
shortwave flux can range from − 21.1 to − 1.1 W/m2 due to BC DRE and 
from − 4.3 to − 0.3 W/m2 due to BrC DRE (Figure S3 (c)). Similar large 
ranges can be observed in the HN (Figure S3 (d)) and TW (Figure S3 (e)) 
regions. Furthermore, the monthly variation in the YN_GZ region falls 
between that of the Indo-CN region and other study regions. Despite the 
monthly variations in the impact on radiation, the average percentage 
contributions of BC and BrC do not exhibit significant day-to-day vari
ations in each study region (Fig. 5(g–l) and S3 (g-l)). Namely, the 
contribution ratio of BrC to BC remains relatively constant, generally 
ranging between 2:8 and 3:7.

During the pollution episode from March 18 to 22, 2015 (Fig. S3), 
higher BC and OC concentrations are observed over the main study re
gions. Correspondingly, larger BC and BrC DRE are also present during 

Fig. 4. (a–c) Monthly average clear sky net forcing at the top and (d–f) clear sky downward direct shortwave flux on the surface (unit: W/m2) in March 2015. Values 
on the right upper corner of each subfigure indicates the minimum and maximum values, respectively.
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this episode (Fig. 5 and S3). It is evident that a significant amount of BB 
pollutants originate from the Indo-CN region starting from March 17, 
and these pollutants are transported downstream to regions such as 
YN_GZ, HN island, and GD_GX, where BC and BrC concentrations start to 
rise on March 18 and peak on March 19. TW, being farther away from 
Indo-CN than other study regions, experienced the highest BC and BrC 
concentrations on March 20. Fig. S4 shows the average BC and BrC DRE 
during the pollution episode, demonstrating a substantial increase in the 
maximum clear sky net forcing at the top compared to the monthly 
average. The increase ranges from 14.6 to 23.9 W/m2 caused due to BC 
absorption DRE and from 1.9 to 3.1 W/m2 due to BrC absorption DRE. At 
the meanwhile, the maximum downward direct shortwave flux on the 
surface decreased from − 36.9 to − 68.2 W/m2 due to BC absorption DRE 
and from − 5.2 to − 9.7 W/m2 due to BrC absorption DRE, comparing the 
monthly average to pollution period average.

3.2. Impact on temperature

The warming and cooling effects are examined since the radiative 
forcing by the BC and BrC can directly warm up the atmosphere and cool 
the ground surface. This sector shows the influence of the BC and BrC 
DRE on daytime temperature in March 2015 (Fig. 6).

Fig. 6 (a) shows the 2-m temperature distribution over the simulated 
region, with tropical ocean surface temperature reaching around 25 ◦C, 
and most areas over Indo-CN having surface temperature above 30 ◦C. 
Fig. 6 (b, c) demonstrate a clear surface cooling effect over the Indo-CN 
to southern China region. The decrease in the shortwave flux results in a 
reduction in 2-m temperature over land areas. Less radiation is absorbed 
by the land, leading to less energy available to heat the near-surface air. 
Thus, the decrease in temperature patterns aligns with the reduction of 
shortwave flux. However, in terms of monthly means, the impact is 
relatively limited, with maximum reduction values reaching only 
− 0.09 ◦C and − 0.07 ◦C, respectively, due to BC and BrC DRE. More 
detailed information on maximum, minimum, and average values in the 

Fig. 5. (a–f) Daily variations of clear sky net forcing at the top caused by BC and BrC absorption directive radiative effect (unit: W/m2) in six study regions and (g–l) 
their regional average percentage contributions.
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six study regions can be found in Table S2. For example, the maximum 
regional temperature decreases due to BC DRE are − 0.09, − 0.08, − 0.08, 
− 0.06, − 0.04, and − 0.06 ◦C over Indo-CN, YN_GZ, GD_GX, HN, TW, and 
OTH, respectively, while the maximum decreases owing to BrC DRE are 
− 0.07, − 0.07, − 0.06, − 0.05, − 0.03, and − 0.04 ◦C, respectively, in 
March. In terms of regional averages, BC and BrC DRE have the largest 
impact in the GD_GX and HN regions, as these regions are mostly 
covered by the BB transport pathway, with GD_GX also experiencing 
considerable local BF emissions. Conversely, the surface temperature 
over the ocean increases due to the larger heat capacity ratio of the 
ocean, and the decrease in downward radiation has little effect on ocean 
temperature. Therefore, the heating effect caused by BC and BrC ab
sorption is more efficient over the sea than over land.

Furthermore, BC and BrC absorb solar radiation, leading to heating 
of the atmosphere, particularly in model layer 23 (approximately 3000 
m altitude above the surface; Fig. 6e and f). This layer represents the 
main height of the BB transport pathway, referring to Huang et al. 
(2023). Over the most significant region, BC heats the air by less than 
0.05 ◦C, while the heating effect by BrC is much weaker, with a positive 
trend of no more than 0.02 ◦C.

To analyze the vertical profile of the BC and BrC heating effect, an air 
temperature cross-section plot along 24◦N has been conducted. The 
cross-section figures (Fig. 6 (h and i)) reveal a significant aerosol cooling 
effect in the surface layer and a heating effect in the BB transport 
pathway. Fig. 6 (h) shows a warm core of 0.06 ◦C due to BC RDE 
extending from 105◦E to 120◦E, from 1000 m to 4500 m above the 
surface, covering large areas downstream of the mountainous region 
over the Indochina Peninsula. Similarly, a warming trend by BrC RDE is 

vaguely discernible, indicating a positive but weak heating effect by BrC.
Figure S5 shows the influence of the BC and BrC DRE on daytime 

temperature during the pollution episode. Comparing Fig. 7 (e, f) and 
Figure S5 (e, f), a higher temperature increase during the pollution 
period indicates a stronger BC and BrC absorption effect due to higher 
concentrations of BC and BrC. The cooling effect at the surface due to BC 
DRE (Figure S5 (b)) also intensifies during the pollution period, while 
the cooling effect due to BrC DRE (Figure S5 (c)) weakens. In general, 
the impact of BC DRE on temperature can be significant during high- 
pollution periods, while the impact of BrC DRE remains limited.

3.3. Impact on ozone concentrations

The variations in the meteorological conditions are expected to in
fluence the air quality (Fig. 7). Decreased solar radiation and tempera
ture typically lead to decreased rates of photochemical reactions, while 
increased solar radiation and temperature accelerate these reactions. 
These phenomena partially explain the observed decrease in surface O3 
concentration. Fig. 7 (a) shows that the monthly mean daytime surface 
ozone concentration is high, ranging from 50 to 70 ppbv over the 
northern Indochina Peninsula to southwestern China, while it is around 
40 ppbv over southern China. Fig. 7 (b) demonstrates that the BC DRE 
results in reduced shortwave radiation reaching the surface and lower 
surface temperatures, which in turn decreases ozone formation. The 
ozone concentration decreases by − 0.8 ppb over the Indo-CN (Table S2), 
where the impact of BC DRE is larger and the ozone concentration is 
higher. The largest BC DRE on ozone occurs in TW in March, with a 
maximum decrease of − 1.0 ppbv. Although the BC DRE has a larger 

Fig. 6. BC and BrC direct radiative effect on monthly average daytime (a–c) surface temperature, (d–f) temperature in layer 23 (altitude of ~3,000 m), (g–i) 
temperature (unit: ◦C) in the west-east 24◦N cross-section in March 2015. Values on the right upper corner of each subfigure indicate the minimum and maximum 
values, respectively.
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impact on the mean radiation in GD_GX and HN, its mean impact on 
ozone concentration is not significantly greater than in other regions due 
to the lower ozone concentration in these areas. Regarding the BrC effect 
on surface ozone (Fig. 7 (c)), the change is limited, with a maximum 
reduction of − 0.3 ppb. However, the impact pattern of BrC DRE differs 
from that of BC DRE, showing a larger impact in GD_GX. This difference 
may be attributed to a higher BC to BrC ratio in the GD_GX region 
(Fig. S2), resulting in a larger BrC radiative impact. The impacts of BC 
and BrC DRE on surface ozone concentration are enhanced during the 
pollution period (Fig. S6) due to changes in radiation (Fig. S4). The 
negative impact of BC and BrC DRE on ozone can reach − 1.8 and − 0.8 
ppbv, respectively.

4. Summary and discussion

The WRF-CMAQ two-way coupled modeling system embedded a 
parameterization scheme of the light absorption property of BrC was 
employed for the first time to investigate the BC and BrC absorption DRE 
over Southeast Asia in March 2015. Experiments with and without BC/ 
BrC DRE were conducted, and the difference between control and sen
sitive experiments showed the impact of BC and BrC DRE.

Results show that the regional monthly mean impact on the clear sky 
net radiation at the top of the atmosphere can reach 14.6, 4.9, 5.1, 4.1, 
2.9, and 12.7 W/m2 due to BC DRE and 1.9, 1.1, 1.1, 0.9, 0.7, 1.8 W/m2 

due to BrC DRE over Indo-CN, YN_GZ, GD_GX, HN, TW, and OTH, 
respectively. These values are significantly larger than those reported in 
global studies over longer timescales, which indicated that the global 
annual average BC DRE impact ranged from +0.2 to +0.9 W/m2 (Wang, 
2004; Ramanathan and Carmichael, 2008; UNEP and WMO, 2011; 
Zhang et al., 2020), and the simulated BrC DRE ranged from +0.03 to 
+0.6 W/m2 (Saleh et al., 2015; Brown et al., 2018; Wang et al., 2018; 
June et al., 2020; Drugé et al., 2022). For example, Wang et al. (2014)
updated the BC and BrC with new but fixed absorption efficiencies, 
estimating global BC and BrC DRE values of 0.21 and 0.11 W/m2, 
respectively, using the global model GEOS-CHEM. To enhance model 
accuracy, they incorporated the BrC parameterization from Saleh et al. 
(2014) and reported updated global BC and BrC DRE values of 0.17 and 
0.048 W/m2, respectively (Wang et al., 2018). Jo et al. (2016) assigned 
different modified combustion efficiencies (MCEs) to BrC for various BB 
source types based on McMeeking (2008) and found the global BrC DRE 
to be 0.11 W/m2. Zhang et al. (2020) estimated the global BrC DRE at 
0.10 W/m2, exceeding 25% (+0.39 W/m2) of BC, using the Community 
Atmosphere Model (CAM5) within the Community Earth System Model 
(CESM). It is worth noting that the impact of BC and BrC in the afore
mentioned studies exhibited significantly higher values over regions 
with extensive BB and BF activities, including Southeast Asia. Therefore, 

in areas with high BB and BF emissions, especially during periods of 
strong BB activity such as wildfires, BrC DRF needs to be considered 
because it has a stronger contribution at this time. However, due to the 
lack of observational support and incomplete understanding of BrC, 
there are still variations in results among different studies caused by the 
various treatment methods applied to BrC emissions and optical 
properties.

On the other hand, BC and BrC DRE lead to a cooling effect at the 
Earth’s surface, causing the regional maximum reduction on the clear 
sky downward shortwave radiation at surface reach − 36.9, − 12.3, 
− 10.2, − 8.4, − 6.3, and − 34.1 W/m2 due to BC DRE and − 5.2, − 2.2, 
− 2.2, − 1.7, − 1.6, and − 4.4 W/m2 due to BrC DRE over Indo-CN, YN_GZ, 
GD_GX, HN, TW, and OTH, respectively. This regional and synoptical 
scale cooling effect is significantly larger compared with long-term 
global effect shown in previous study (Feng et al., 2013), potentially 
playing a crucial role in surface temperatures and local climate, coun
terbalancing some of the warming effects associated with other green
house gases. From the monthly variation perspective, the BC and OA 
concentrations can exhibit significant day-to-day variations, which leads 
to considerable variation of impact from BC and BrC DRE. Meanwhile, 
the average percentage contributions of BC and BrC do not exhibit sig
nificant monthly variations, and the contribution ratio of BrC and BC 
generally range between 2:8 to 3:7.

The decrease in the shortwave flux decreased the 2-m temperature 
over the land. In contrast, the surface temperature over the ocean 
increased owing to the larger heat capacity ratio of the ocean. The 
impact on monthly 2-m temperature is relatively limited, and the 
maximum reduction values only reach − 0.09 ◦C and − 0.07 ◦C, respec
tively, due to BC and BrC DRE. Owing to the endothermic effect of BC 
and BrC DRE, the temperature at higher levels increased by up to 0.05 
and 0.02 ◦C, respectively. Variations in the shortwave and temperature 
decreased the surface O3 concentrations. The maximum reduction in O3 
concentration only reaches − 1.0 ppbv by BC DRE, while the impact by 
BrC DRE is quite limited, with a maximum reduction of − 0.3 ppb. 
During a pollution episode from March 18–22, higher concentrations of 
BC and OC are observed in the study regions, coinciding with larger BC 
and BrC DRE impacts. The impact of BC and BrC DRE during the 
pollution episode is nearly twice as significant as the monthly average. 
The impact on temperature and air quality should still be considered 
limited when conducting short-term and regional model studies.

The parameterization of BrC’s absorption properties based on the 
BC/OA ratio represents a significant advancement over default co
efficients. This approach aligns more closely with smog chamber ex
periments and enhances the accuracy of the model. In comparison to 
studies using the default coefficient, our research contributes to a more 
nuanced understanding of the interactions between BC, BrC, and 

Fig. 7. BC and BrC direct radiative effect on average daytime surface O3 concentration (unit: ppbv) in March 2015. Values on the right upper corner of each subfigure 
indicates the minimum and maximum values, respectively.
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climate. For the WRF-CMAQ model which is widely used in local 
meteorological and air quality research, continuously improving the 
scientific validity and accuracy is beneficial for the related research and 
applications. This study provides new insights on the impacts of BrC DRE 
for WRF-CMAQ developers and users. Still, the parameterization of 
BrC’s absorption properties based on the BC/OA ratio presents limita
tions: on the one hand, this approach relies on laboratory experiments, 
which may not fully capture the complex atmospheric conditions and 
variability in real-world scenarios; on the other hand, the lack of 
observational support and incomplete understanding of BrC for these 
parameters raises concerns about their applicability across different 
environments and burning conditions (Saleh, 2020; Li et al., 2023). At 
the same time, current research on BrC absorbility is still developing, 
such as the daytime aging (photo-bleaching) and nighttime aging of BrC, 
where the former leads to a reduction in BrC absorbability due to pho
tobleaching and the latter enhances absorbability through reaction with 
NO3 (Lin et al., 2017; Wong et al., 2017; Hems and Abbatt, 2018; Li 
et al., 2019; Wong et al., 2019). Further atmospheric observations and 
laboratory experiments are essential to quantify or formulate the BrC 
scheme. Future studies should aim to incorporate field measurements 
and a broader range of parameterizations to enhance the robustness and 
applicability of BrC absorption modeling in diverse atmospheric 
contexts.
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