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Key Points: 

 Brown carbon contributes 15–18% to the total particles light absorption at 370 nm 

from residential coal burning based on AAEBC = 1.0. 

 Residential coal burning has lower absorption emission factors of brown carbon at 

370 nm than biomass burning. 

 High-resolution maps of optical emission inventories for biomass and residential coal 

burning were developed for China.  
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Abstract 

Brown carbon (BrC) affects the Earth’s radiative balance due to its strong light absorption at 

short wavelengths. A custom-made combustion chamber was used to simulate biomass and 

coal burning and to investigate the emission characteristics of BrC absorption. Absorption 

Ångström exponents (AAEs) at the wavelength pair of 370 and 880 nm ranged from 1.19 to 

3.25, suggesting the possible existence of BrC in biomass- and coal-burning emissions. Based 

on the assumption that AAEBC = 1.0, BrC from biomass burning contributed to 41–85% of 

the total particles light absorption at 370 nm, which is much higher than that from coal 

burning (15–18%). The estimated absorption emission factors of BrC (AEFBrC) at 370 nm for 

biomass and coal burning were 15–47 and 2–13 m
2
 kg

-1
, respectively. A 10 km × 10 km 

gridded BrC optical emission inventory for biomass and coal burning in China for 2015 was 

developed based on the measured AEFBrC values and high-resolution activity data. The total 

annual BrC absorption cross section (ACSBrC) emissions from biomass and residential coal 

burning were 4194 Gm
2
 (relative uncertainty at the 95% confidence level of -33.2, 41.2%) 

and 615 Gm
2
 (-39.3, 40.1%), respectively. These results should be useful for improving 

estimates of the radiative effects of BrC in China. 

1. Introduction 

Organic aerosol (OA) is a major component of the fine particulate matter that affects 

regional and global climate directly and indirectly, but the difficulties in constraining its light 

absorbing effects have caused large uncertainties in global radiative forcing assessments 

(IPCC, 2013). In the past, OA was considered a light scattering component only, and that 

effect would have tended to cool the atmosphere (Koch et al., 2007; Myhre et al., 2008). 

However, recent field measurements and laboratory studies have revealed that some OA 

chromophores can absorb solar radiation in the near-ultraviolet (UV) and short-visible 

regions of the spectrum (Kirillova et al., 2014; Kirchstetter and Thatcher, 2012; Saleh et al., 

2013; Sun et al., 2007; Zhang et al., 2011). This light-absorbing fraction of OA is collectively 

termed brown carbon (BrC) (Andreae and Gelencsér, 2006). Recent modeling studies also 

have shown that the contribution of BrC to the total atmospheric absorption at 

ultraviolet/visible wavelengths may be considerable, and this perturbation could lead to 

heating of the atmosphere (Chuang et al., 2012; Feng et al., 2013; Jo et al., 2016; Lin et al., 

2014; Saleh et al., 2015; Wang et al., 2014). However, the calculated direct radiative forcing 

(DRF) estimates for BrC have varied widely among studies. For example, Wang et al. (2014) 

estimate a much lower forcing for BrC (+0.04 to +0.11 W m
-2

) than what was reported by 

Feng et al. (2013) (+0.1 to +0.25 W m
-2

) and Lin et al. (2014) (+0.22 to +0.57 W m
-2

). 

Results from such studies require a thorough understanding of the optical properties of BrC, 

which have not been thoroughly investigated and can vary dramatically among sources. 

Biomass burning has been recognized as a dominant source of BrC worldwide (Chen 

and Bond, 2010; Clarke et al., 2007; Kirchstetter et al., 2004; Saleh et al., 2013; 

Washenfelder et al., 2015). With large agricultural sectors, China has expansive cultivated 

areas (166 million hectares) and enormous agricultural crop yields (781 Tg year
-1

) (1 Tg = 

10
12

 g), especially in the major agricultural zones shown in Supporting Information (SI) 

Figure S1a (NBS, 2016a). The North China Plain (zone 1, Shandong, Henan, Anhui, and 

Jiangsu Provinces) is the largest agricultural zone in China accounting for ~25% of the 

cultivated land and 25% of the crop yields. Another notable agricultural zone is composed of 

Heilongjiang, Jilin, and Liaoning Provinces in northeast China, where > 15% of the 

agricultural crops grown in China are produced annually. Zone 3, including Guangxi and 

Guangdong Provinces, accounts for more than 80% of sugarcane output (16% of the total 

crop products) in China. These agricultural areas produce tremendous amounts of crop 
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residues every year, which are commonly burned directly in the fields to prepare for the next 

plantings or used as energy sources for household cooking and heating (Zhou et al., 2017). 

Moreover, coal combustion is another source that can produce large quantities of BrC (Olson 

et al., 2015; Yan et al., 2017). In China, ~8.4% of the total coal burned (940 Tg) in 2015 is 

used for household heating and cooking purposes (NBS, 2016b). Poor combustion conditions 

and the lack of controls for residential coal burning lead to high BrC emissions from this 

source (Sun et al., 2017). As shown in SI Figure S1b, large amounts of coal are burned for 

residential purposes (20.5 Tg) in the Beijing-Tianjin-Hebei region (BTH) in 2015; this is one 

of the largest and most dynamic economic zones in China. The main coal-producing 

provinces (Shanxi and Guizhou Provinces) follow the BTH with consumption of 9.3 and 7.4 

Tg year
-1

, respectively. The provinces with lower residential consumption are concentrated in 

southern China; these include Fujian, Guangxi, Jiangsu, and Hainan Provinces. 

Numerous studies have investigated the chemical composition and optical properties 

of BrC in the atmosphere using filter sampling/solvent extraction methods or photoacoustic 

instruments, but only a few studies have focused on the source emission characteristics of 

BrC (Chen and Bond, 2010; Kirchstetter et al., 2004; Li et al., 2016b; Mcmeeking et al., 

2015; Pokhrel et al., 2016; Pokhrel et al., 2017; Saleh et al., 2013). Furthermore, the 

characterization studies have mainly focused on absorption Ångström exponent (AAE), the 

relative importance of BrC absorption versus BC, and quantifying of mass absorption cross 

section of BrC (MACBrC). To further understand the emission sources and develop effective 

strategies for air pollution control, BrC emission inventories for different sources are needed, 

but few studies have concentrated on the emission factors and rates at which BrC is produced 

during the burning of biomass and coal (Martinsson et al., 2015; Sun et al., 2017). This 

makes it challenging to evaluate accurately the radiative effects of combustion sources over 

regional and global scales, and more generally, to assess the impacts of BrC on climate and 

environment.  

In the past two decades, multi-scale mass emission inventories for carbonaceous 

aerosols have been established for China using both bottom-up and top-down methods (Fu et 

al., 2012; Wang et al., 2012; Yan et al., 2006; Zhang et al., 2009). These types of inventories 

are useful for air quality modeling, especially simulations of the formation and transport of 

pollutants (Li et al., 2013). With regard to aerosol radiative effects, such inventories are also 

useful for calculating the carbonaceous DRF, but these effects are typically based on assumed 

relationships between carbonaceous masses and their optical properties (Yao et al., 2017; 

Zhang et al., 2014). Compared with mass emission inventories, there are at least two 

advantages for the development of optical emission inventories for use in models that 

simulate the BrC’s radiative effects. One advantage is that it is not necessary to quantify the 

BrC mass. Due to the complex chemical composition of BrC (Laskin et al., 2014), complete 

quantitation of its mass is not possible with the current analytical methods. One of the major 

analytical challenges in quantifying BrC is developing a suitable separation procedure for 

distinguishing BrC chromophores from other aerosol constituents (Chen and Bond, 2010; 

Lack et al., 2013; Lin et al., 2015; Wonaschütz et al., 2009; Zhang et al., 2013). Several 

studies have used water-soluble organic carbon or humic acid sodium salt as proxies for BrC 

to obtain their emission factors (Srinivas and Sarin, 2014; Sun et al., 2017). However, these 

components may only be representative of certain fractions of BrC, and therefore, if one uses 

these empirically measured emission factors to establish mass emission inventories of BrC, 

the true BrC emissions may be underestimated. Another advantage is that an optical emission 

inventory can reduce the uncertainties caused by the mass absorption cross section of BrC 

(MACBrC) that are used in the models (Lu et al., 2015). The MACBrC is a key parameter in 

models, and it is used to convert the masses of carbonaceous aerosols into their light-
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absorbing properties, but this parameter has varied substantially among studies (e.g., 0.7–5.38 

m
2
 g

-1
 in the UV region) (Cheng et al., 2011; Kirchstetter et al., 2004; Shen et al., 2016; 

Srinivas and Sarin, 2014), and thus, it introduces uncertainties into the modeling calculation. 

In these respects, an optical emission inventory for China should be valuable for modeling 

purposes because it would  reduce uncertainties in the radiative effects caused by BrC. 

The main motivation of this study was to investigate the characteristics of BrC 

absorption and the optical emission factors from biomass and residential coal burning in 

China. Representative types of biomass and coals in China were burned using laboratory 

simulation methods. The optical properties measured with an Aethalometer were used to 

calculate the AAE and then to distinguish the BrC absorption from BC. Finally, based on the 

measured absorption emission factors of BrC and fuel consumption, we developed an optical 

emission inventory of BrC for China. The results should be useful for improving estimates of 

the radiative effects of BrC in China. 

2. Materials and Methods 

2.1. Combustion chamber experiments  

The test burns for biomass and coal were done with the use of a custom-made 

combustion chamber, and a diagram of the experimental system is shown in SI Figure S2. 

Briefly, the test system consisted of a ~8 cubic meter cavity container. It was equipped with a 

thermocouple, a thermoanemoneter, and an air purification system. A dilution sampler 

(Model 18, Baldwin Environmental Inc., Reno, NV, USA) was installed downstream of the 

chamber to dilute the smoke before sampling. The combustion chamber was sealed against 

gas/particle loss (< 2% CO2 losses after 30 minutes), flow was stable and uniform in the stack 

(< 5% variations of the average flow velocity), and clean and purified air was used for 

dilution (> 95% removal efficiency for background PM2.5). The reproducibility and 

comparability of the emission factors of PM2.5, OC, and EC have been demonstrated for 

replicate test measurements of wheat straw burning, and detailed description of the structure 

and an evaluation of the combustion chamber can be found in Tian et al. (2015).   

Seven types of crop residues, including wheat straw, corn stalk, rice straw, soybean 

straw, cotton stalk, sesame stalk, and sugarcane top were collected from seven major Chinese 

crop producing provinces (SI Table S1). These were individually burned on the platform 

situated inside the chamber. Moreover, two representative types of coals, including high 

volatile bituminous coal (hv-coal) and low volatile bituminous coal (lv-coal), were collected 

from coal producing areas of Shaanxi and Ningxia, respectively (SI Table S1). Coal test 

burns were conducted in a typical stove that is widely used in northern China.  

Smoke produced by biomass or coal burning was first diluted with the dilution 

sampler before it was monitored by several on-line instruments downstream (SI Figure S2). 

Recent laboratory studies have showed that “secondary BrC” can be produced in the 

multiphase reactions involving gas- and particle-phase compounds, and this can be an 

important source for BrC in the atmosphere (De Haan et al., 2011; Nguyen et al., 2012; 

Nozière et al., 2007; Powelson et al., 2014). The sampling procedure in our study took about 

15 seconds for the source emissions to be sampled, and there were no conditions (e.g., 

relative high humidity, UV lights, etc.) that favored the formation of secondary BrC. Thus, 

we considered the measured BrC to be dominated by primary emissions. The dilution ratios 

were set at ~5–20 for most of burning experiments because those dilutions provided the 

appropriate pollutant concentration levels for on-line monitoring instruments. That procedure 

also simulates the rapid dilution and condensation that occurs naturally when source emission 
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mix with the atmosphere (Chang et al., 2004; Li et al., 2007; Li et al., 2011; Lipsky and 

Robinson, 2005; Lipsky and Robinson, 2006). For our studies, at least three parallel tests 

were conducted for each type of biomass or coal samples. A total of 45 tests were conducted 

as follows: 6 for each type of wheat straw, corn stalk, rice straw, soybean straw, cotton stalk, 

and sesame stalk and 3 for each type of sugarcane top, hv-coal, and lv-coal. When the aerosol 

deposit density on the filter tape in the Aethalometer reached the maximum attenuation, the 

filter tape automatically advanced. Advancing the filter tape took 5 minutes, and during that 

time, no measurements were made. Due to the tape advances of Aethalometer, ~20% of 

burning cases were found lacking of several 5-minutes data points during the sampling 

process. For discussion purposes, we only chose those burns that had intact measurements. 

Therefore, only 30 tests for biomass burning and 6 tests for coal combustion were left. 

Detailed information on each test burn is summarized in SI Table S1. 

2.2. Modified combustion efficiency (MCE) 

Different combustion conditions (e.g., flaming versus smoldering) could be 

differentiated by the MCE. MCE is typically close to 1 during the flaming phase, and ranges 

between 0.7 and 0.9 for the smoldering phase (Yokelson et al., 1997): 

MCE = 
∆CO2

∆CO2 + ∆CO
                                                                                           (1) 

where ΔCO2 and ΔCO were the excess molar mixing ratios of CO2 and CO, respectively. 

CO2 and CO concentrations of the diluted smokes were monitored by CO2 sensors (PP 

Systems, Amesbury, MA, USA) and a CO analyzer (Thermo 48i, Thermo Scientific Inc., 

Franklin, MA, USA).  

2.3. Calculation of AAE and quantification of BrC absorption 

A newly developed Aethalometer (model AE33, Magee Scientific, Berkeley, CA, 

USA) was used to measure particles’ light absorption at seven different wavelengths (λ = 370, 

470, 525, 590, 660, 880, and 940 nm). A detailed description of this instrument and 

evaluation of it can be found in Drinovec et al. (2015). Briefly, the model AE33 measures the 

light attenuation transmitted through a quartz-fiber filter on which aerosol particles have been 

collected. Previous studies have demonstrated that the filter-based absorption photometers 

suffer from nonlinear loading effect as increasing amount of aerosol deposit on the filter 

(Weingartner et al., 2003). To improve the accuracy of absorption measurements, the model 

AE33 uses a real-time loading effect compensation algorithm based on a two parallel spot 

measurement of optical absorption. Both spots obtain their loadings from the same input air 

stream but with different deposition rates, and the results of these two sample spots are then 

combined to eliminate the nonlinearity effect. Additionally, the filter matrix scattering effect 

was modified automatically in AE33 by using a factor of 2.14 for quartz filter (Drinovec et al., 

2015). 

The wavelength (λ) dependence of particles’ light absorption (babs) has been often 

described assuming a power law as follows (Andreae and Gelenscér, 2006; Hecobian et al., 

2010): 

babs ~ λ−AAE                                                                                                     (2) 

In practice, the AAE can vary depending on the selection of wavelength ranges (Moosmüller 

et al., 2011). In this study, AAE was calculated from two wavelengths of 370 and 880 nm, 

according to: 
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AAE = -
ln(

babs(λ1)

babs(λ2)
)

ln(
λ1
λ2

)
                                                                                              (3) 

where babs is the total light absorption coefficient at a given wavelength; λ1 of 370 nm was 

chosen due to strong contribution of BrC at this wavelength (Lack and Langridge, 2013); 

while λ2 of 880 nm was chosen as the reference wavelength because BC can be considered as 

the only light-absorbing carbonaceous component at that wavelength (Kirchstetter et al., 2004; 

Kirchstetter and Thatcher, 2012). For comparison, AAE was also calculated by fitting the babs 

across all the six wavelengths (370, 470, 525, 590, 660, and 880 nm), and those results were 

similar to the those calculated for the 370 and 880 nm wavelength pair (SI Figure S3).  

Generally, BC-absorption varies weakly with wavelength in the near-UV to infrared 

range showing an AAE around 1.0, though several studies have shown that the AAE of BC 

can vary from 0.55 to 1.6 (Bahadur et al., 2012; Bergstrom et al., 2002; Bond and Bergstrom, 

2006; Lack and Cappa, 2010). In contrast, BrC absorbs radiation efficiently toward near-UV 

range (Schnaiter et al., 2006), and it has an AAE much greater than 1.0 in that region of the 

spectrum (Clarke et al., 2007; Hoffer et al., 2006; Kirchstetter et al., 2004). 

In this study, the total babs at each wavelength (λ) can be separated into the absorption 

caused by BrC (babs-BrC) and BC (babs-BC). Thus, the babs-BrC can be calculated using the 

following formula: 

babs-BrC(λ) = babs(λ) - babs-BC(λ)                                                                      (4) 

where babs(λ) was measured with the model AE33; babs at λ = 880 nm was assumed to be 

solely from the BC aerosol (Kirchstetter et al., 2004), and then extrapolated to calculate babs-

BC in other wavelengths (λ = 370, 470, 525, 590, and 660 nm). The extrapolations were based 

on the assumption that AAEBC = 1.0 (Bergstrom et al., 2002; Bond and Bergstrom, 2006) as 

follows: 

babs-BC
(λ) = babs-BC(880 nm) × (

λ

880
)

-AAEBC

                                                   (5) 

The uncertainties for calculation of babs for BrC and BC are primarily caused by the 

uncertainty in AAEBC and the measurement error of the model AE33. There was no pre-

conditioning of the aerosol to remove coating in our tests, and therefore, the assumed AAEBC 

was for BC internally mixed with non-absorbing material. The AAE method is used for 

attributing light absorption to BC plus lensing and BrC where internal mixing is largely 

ignored (Nakayama et al., 2014; Pokhrel et al., 2017). Here, absolute uncertainties of -20% 

and +40% were adopted to simulate AAEBC over a range from 0.8 to 1.4 (Lack and 

Langridge, 2013). The relative uncertainty of absorption measurements of the model AE33 is 

± 5% (Titos et al., 2015). Through BrC and BC absorption attribution calculated formulas, 

the relative uncertainties of babs-BC were estimated with the range of [-18%, +35%] at 370 nm, 

[-14%, +26%] at 470 nm, [-12%, +21%] at 525 nm, [-9%, +17%] at 590 nm, [-8%, +13%] at 

660 nm, and [-5, +5%] at 880 nm, respectively. The relative uncertainty of babs-BrC can be 

assessed by combining uncertainty of babs-BC with the measurement error of the model AE33, 

and it varies with the fractional contribution of BrC to the total particles light absorption. A 

detailed description of the relative uncertainties in babs-BrC and babs-BC can be found in SI Text 

S1. 

2.4. Absorption emission factor calculation 

The emission factor, expressed as the weight of pollutant per kg of fuel consumed, is 

useful for assessing emission intensities of pollutants and for developing emission inventories 
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(Bond et al., 2004). Here, we define a term “absorption emission factor” (AEF) to determine 

the emission ability of babs-BrC(λ) and babs-BC(λ). The AEF represents the absorption cross 

section (m
2
) emitted to the atmosphere per kg of fuel consumed, and it is calculated as: 

AEFi (λ) [m2 kg
-1

] = 
∑ b

abs-i
(t) (λ) [m-1] × DR × Vel [m s-1] × D [m2]

t = tsample

t = 1

M [kg]
                   (6) 

where subscript i represents BrC or BC; λ denotes the wavelength (370, 470, 525, 590, 660, 

or 880 nm); tsample is the sampling duration in seconds; babs-i denotes the absorption coefficient 

of BrC or BC in m
-1

; DR is the dilution ratio (unitless); Vel is the average stack flow velocity 

in m s
-1

; D is the stack cross section in m
2
; M is the biomass or coal consumption in kg. All 

the data were standardized at the temperature of 293 K and pressure of 1013.25 hPa.  

2.5. Development of an optical emission inventory 

SI Figure S4 illustrates the methodology used to develop high-resolution emission 

inventories of BrC absorption cross section (ACSBrC) at 370 nm for biomass and residential 

coal burning in China. Note that the ACSBrC emission from biomass burning in this study 

does not include wildfire emissions which also can be an important source for BrC (Forrister 

et al., 2015; Laing et al., 2016). Our approach made use of provincial-level emissions and 

proxy variables (fire counts, urban population, and rural population) as follows. First, the 

total quantities of biomass and residential coal burned in each province were estimated 

according to data obtained from the China Statistical Yearbook (2016) and the China Energy 

Statistical Yearbook (2016) (SI Text S2). Provincial-level emission inventories were then 

established by multiplying specific AEFBrC values by the corresponding activity data (Chow 

et al., 2010). In addition, fire counts of croplands for 2403 counties in China in 2015 were 

obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS) Thermal 

Anomalies/Fire product (MOD/MYD14A1), and rural/urban population statistics were taken 

from the fifth population census in China (SI Table S2). Based on the values of proxy 

variables (fire counts and population), the ACSBrC emissions in each province were further 

allocated to county-level using the following formula (Qin and Xie, 2011): 

Ei, j = 
Pi, j

∑ Pi, ji = 1
 × Ej                                                                                           (7) 

where Ei, j is the emission in county i of province j; Pi, j is proxy variable in county i of 

province j; and Ej is the emission in province j. 

After allocating the provincial emissions to their counties, the national optical 

emission inventory at the county-level was disaggregated into grid cells at a resolution of 10 

km × 10 km. The ratios of the area in each cell to the total county area were calculated to 

allocate the emission of the county to each grid cell. If a grid cell included more than one 

county, the emission for that grid cell is considered as the sum of emissions from different 

counties based on the calculated ratios. 

3. Results and Discussion 

3.1. Absorption Ångström exponent and BrC absorption 

SI Figure S5 shows the AAEs obtained from the experimental burning of crop 

residues and bituminous coals along with the babs values for the wavelength pair of 370 and 

880 nm. For crop residues, AAEs were in the range of 1.64 to 3.25, with the highest for corn 

stalk emissions (3.25 ± 0.36), followed by the wheat straw (2.99 ± 0.36), rice straw (2.70 ± 

0.23), cotton stalk (2.69 ± 0.24), sesame stalk (2.40 ± 0.34), soybean straw (2.37 ± 0.15), and 
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sugarcane top (1.64 ± 0.15). For bituminous coal, AAEs were similar for hv-coal (1.19 ± 

0.04) and lv-coal (1.26 ± 0.04) emissions. These AAEs, all > 1.0, suggest that particulate 

matter emitted from both crop residues and coal burning might contain BrC (Li et al., 2016b; 

Pandey et al., 2016; Shen et al., 2016; Sun et al., 2017). The AAEs obtained from crop 

residues were significantly higher compared with those from bituminous coals at 95% 

confidence level (student’s t-test, p < 0.001). Utry et al. (2014) found that a positive 

correlation existed between AAEs and OC/EC (organic carbon/elemental carbon) ratios, and 

the large AAEs for crop residues found in this study may be explained by their higher OC/EC 

ratios compared with coals as measured in our previous studies (Ni et al., 2015; Tian et al., 

2017).  

To investigate the impacts of combustion conditions on AAEs, the AAEs were plotted 

against modified combustion efficiencies (MCEs, SI Figure S6). Due to the lack of a 

sufficient number of coal samples, we only considered the relationships for the crop residues 

emissions. As shown in SI Figure S6, the AAEs showed a roughly negative correlation with 

the MCEs (R
2
 = 0.31), indicating that less efficient burning phases (smoldering; MCE < 0.9) 

favor the production of BrC relative to more efficient burning conditions (flaming; MCE > 

0.9). Similar negative relationships between these variables also have been reported by 

Mcmeeking et al. (2015) for emissions from fuels burned in prescribed fires and wildfires and 

by Pokhrel et al. (2016) for emissions from a variety of globally significant biomass fuels. 

The dependence of AAEs on MCEs may be attributed to the variations in BrC and BC 

produced under different combustion conditions. For instance, BrC is preferentially generated 

during the smoldering phase (low-temperature burning) of combustion (Chakrabarty et al., 

2010; Chakrabarty et al., 2014), while BC is mainly emitted during the flaming phase (high-

temperature burning) (Bond et al., 2013; Yokelson et al., 1997).  

Based on the equations 4 and 5, we calculated the contributions of BrC to the total 

particles light absorption at different wavelengths from crop residues and bituminous coal 

emissions (Figure 1). For burning straw or stalks of wheat, corn, rice, soybean, cotton, and 

sesame, BrC contributed substantially to the total light absorption, which accounted for > 

50% in the UV and blue spectral range (370–500 nm). At a wavelength of 370 nm, those 

contributions were as high as 68–85%. It should be noted that BrC from sugarcane top 

emissions contributed less to the total light absorption (41%) compared with other crop 

residues. This may be attributed to the higher MCEs for sugarcane top test burns (SI Figure 

S6), which are more propitious to producing BC than BrC. In contrast to the biomass burning 

studies, BrC emitted from hv- and lv-coal combustion tests had lower contributions to the 

total light absorption under the assumption of AAEBC = 1.0, accounting for only 15% and 

18% of the absorption at λ = 370 nm, respectively. The results indicated that BC is the 

dominant contributor to the particulate absorption in bituminous coal emissions. As discussed 

in SI Text S1, if one takes into account the uncertainties in AE33 measurements and AAEBC 

varying from 0.8 to 1.4, the contributions of BrC to the total light absorption at 370 nm have 

relative uncertainties of [-100%, 108%] for the 15% from hv-coal combustion, and [-100 %, 

87%] for the 18% from lv-coal burning, respectively. This indicates BrC emitted from coal 

burning makes no contribution to the total particles light absorption for higher AAEBC (> 

1.2). The higher AAEBC might be caused by BC particles emitted from residential coal 

burning highly coated in purely scattering material (not BrC) (Lack and Cappa, 2010). 

3.2. BrC absorption during the burning process 

To investigate real-time emission characteristics of BrC absorption, we plotted the 

time series of babs-BrC, babs-BC, and the contribution of BrC to the total light absorption (CBrC = 

babs-BrC/(babs-BrC + babs-BC)) in Figure 2(a–d). The data plotted were for at λ = 370 nm, and the 
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results covered the complete burning cycle of typical crop residues and bituminous coals. 

Both crop residues and bituminous coals showed unimodal patterns in babs-BC. There were 

obvious differences in the emission processes for babs-BrC, however; for the typical crop 

residues (wheat straw and rice straw), BrC emissions can be roughly divided into three 

phases (Figure 2a and b). Phase I was the ignition stage. The babs-BrC increased sharply and 

showed a peak in CBrC soon after the ignition. The peak in brown carbon emission was short-

lived. At the initial stage of heat release, the volatile organic matter (including BrC) was 

rapidly volatilized during the low-temperature pyrolysis of cellulose, and that led to an 

increase in BrC absorption. As the devolatilization rate decreased with time, BrC emissions 

decreased correspondingly. Phase II was the intermediate stage, which was characterized by 

an enhancement of BrC absorption. During this stage, as the flame intensity and combustion 

temperature enhanced, the devolatilization rate increased again on the one hand; on the other 

hand the volatilized organic materials would be burned rapidly at high temperature. The 

interaction of these two processes resulted in a sharp increase in BrC emissions and the 

highest babs-BrC peak. With the continued combustion of crop residues, babs-BrC decreases 

gradually. Phase III was the ember combustion stage, and that was characterized by 

smoldering (MCE < 0.9). During this final stage, volatile materials produced by pyrolysis 

were almost exhausted, which led to low babs-BrC. As shown in SI Figure S7, other crop 

residues (corn stalk, soybean straw, cotton stalk, sesame stalk, and sugarcane top) showed 

emission process similar to those of wheat straw and rice straw. 

The BrC emitted from the bituminous coal burning experiments showed different 

patterns compared with the crop residues burns (Figure 2c and d). The hv- and lv-coal 

emissions exhibited three similar phases. Phase I was the coal ignition stage, which was 

characterized by high babs-BrC. During this stage, the incomplete combustion of volatilized 

matter from coal resulted in large quantities of organic compounds escaping from the 

combustion region and ultimately leading to high CBrC. Near the end of this stage, babs-BrC 

decreased as the escaped devolatilized materials become less. Phase II was the intense 

combustion stage. During this stage, the coal samples reached the kindling point and volatile 

compounds began to burn due to the high-temperature flaming combustion. As a result, the 

babs-BrC increased again. Because the maximum rate of devolatilization occurred in this stage 

(Xiao, 2015), a peak in babs-BrC was found that was higher compared with during the ignition 

stage; that was true for both types of coal. Although both babs-BrC and babs-BC increased during 

Phase II, CBrC maintained at low values (< 15%), suggesting that BC was the predominant 

contributor to absorption during this phase. In Phase III, after the intense combustion stage, 

the coal volatile matters were entirely consumed, and babs-BrC gradually decreased. 

3.3. Absorption emission factors  

The calculated absorption emission factors for brown carbon and black carbon 

(AEFBrC and AEFBC) at different wavelengths from crop residues and bituminous coals are 

presented in Figure 3. It is evident that the UV-absorption (370 nm) showed the largest 

AEFBrC for all types of test burns. The AEFBrC decreased as the wavelength increased, with 

the high goodness of power law fit (R
2
 > 0.88). For the test burns of crop residues except 

sugarcane top, the AEFBrC were lower than AEFBC at the wavelength of ~500–880 nm but the 

reverse was true (AEFBrC > AEFBC) at shorter wavelengths (370–500 nm). Given burning 

same mass of biomass, the BrC absorption emission at short wavelengths was stronger than 

BC absorption. For the UV-absorption (λ = 370 nm), the average AEFBrC were 20.9 ± 4.7, 

24.2 ± 3.6, 15.2 ± 4.5, 14.3 ± 2.0, 15.8 ± 5.1, and 46.6 ± 16.3 m
2
 kg

-1
 for wheat, corn, rice, 

soybean, cotton, and sesame residues, respectively, with corresponding AEFBC of 5.2 ± 1.2, 

4.4 ± 1.2, 5.0 ± 1.6, 7.4 ± 1.1, 5.6 ± 0.6, and 19.2 ± 4.5 m
2
 kg

-1
. The AEFBrC was larger and 
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significantly different from AEFBC at 95% confidence level (paired t-test, p < 0.05). Our 

results concerning the AEFs are comparable with the values reported by Martinsson et al. 

(2015) who burned logs of birch and found the AEFBrC and AEFBC for the emissions in the 

range of 19–24 and 6–7 m
2
 kg

-1
 at λ = 370 nm, respectively. Unlike crop residues emissions, 

the AEFBrC values for bituminous coals were significant lower (paired t-test, p < 0.05) than 

values of AEFBC at all wavelengths. These differences may be related to fuel properties of 

coal compared with biomass, and the relatively higher temperatures in the coal burning may 

have favored the formation of BC. Indeed, a study by Klein et al. (2018) showed a 

temperature 500–800 °C in the chamber of a traditional household stove that was measured 

with a thermocouple probe situated closely above the Chinese coal. This is much higher than 

the pyrolysis temperature of biomass (~210–360 °C) (Li et al., 2016b; White and 

Dietenberger, 2001). For coal-burning emissions, the AEFBrC (13.64 ± 0.13 m
2
 kg

-1
) and 

AEFBC (94.79 ± 15.64 m
2
 kg

-1
) for hv-coal were ~6–10 times higher than those for lv-coal 

(2.01 ± 0.44 m
2
 kg

-1
 for AEFBrC and 9.46 ± 3.17 m

2
 kg

-1
 for AEFBC, respectively). The reason 

for the observed wide range in AEFs from bituminous coal burning may be related to the 

higher emissions of carbonaceous aerosol that had high contents of volatile matter (Li et al., 

2016a). 

3.4. Optical emission inventory 

The total ACSBrC emissions from biomass burning and residential coal burning for 

China in 2015 were estimated to be 4194 Gm
2
 (1 Gm

2
 = 10

9
 m

2
) and 615 Gm

2
, respectively. 

As shown in Figure 4, the geographic distributions of ACSBrC emissions from burning of 

biomass and residential coal varied strongly; for example, eastern China had significantly 

higher ACSBrC emission intensities than western China. For biomass burning (Figure 4a), a 

hotspot for the ACSBrC emission intensities was the North China Plain (2.67 Mm
2
 km

-2
) (1 

Mm
2
 = 10

6
 m

2
), and the emissions there amounted to 34.7% of the total ACSBrC emission for 

China. The Lianghu Plain (Hubei and Hunan Provinces) and Sichuan Basin had more 

moderate emission intensities (1.38 and 0.78 Mm
2
 km

-2
, respectively). The regions with high 

ACSBrC emission intensities are major crop producing areas, and they are not only 

characterized by extensive cultivated areas but also by their dense populations. Indeed, 

greater agricultural and rural activities have been linked to the high emissions (Zhou et al., 

2017). It is noteworthy that several areas in Guangxi and Guangdong Provinces also had 

substantial ACSBrC emission intensity (0.99 Mm
2
 km

-2
). This can be explained by the fact 

that > 80% of the sugarcane top burning in China occurs in those two provinces. Another 

important agricultural zone, Northeast China showed a relatively low intensity (0.55 Mm
2
 

km
-2

) due to its large area. The most regions with the lowest emission intensities (< 0.1 Mm
2
 

km
-2

) were concentrated in Qinghai, Tibet, and Xinjiang Provinces.  

Biomass is traditionally burned in the field, and the burning mainly occurs before the 

crop sowing and after the harvest season. A seasonal breakdown of the ACSBrC emission 

intensities from biomass burned in the field shows obvious differences in the temporal 

variations among the regions (SI Figure S8). For the major agricultural zones in the northern 

plain of China (zone 1, SI Figure S1a), the high ACSBrC emission intensity was found in 

summer, and that pattern is in general agreement with agricultural cycles of summer corn 

(planted in June and harvested in September) and winter wheat (sown in October and reaped 

in May). The northeast region (zone 2) showed high values in spring when the fields are 

burned prior to the planting of spring corn (April) and bean (mid-May) and in autumn, which 

is presumably due to the fall harvest beginning in the early October. Planting in zone 3 

(southern China) starts earlier than the norther parts of China, and as a result, the high 
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ACSBrC emission intensity occurs in spring. In this zone, the late rice crop successively 

mature in November that causes the high value in winter (Huang et al., 2012). 

The spatial distribution of ACSBrC emissions for residential coal burning was different 

from that for biomass burning (Figure 4b). The highest ACSBrC emission area was situated in 

the Beijing-Tianjin-Hebei region (0.56 Mm
2
 km

-2
), where accounted for > 20% of national 

ACSBrC emissions in China from residential coal burning. The heavy use of coal for 

residential heating and cooking in this region was concluded to be the major contributor to 

local air pollution during the wintertime (Zhang et al., 2017). Shanxi (0.36 Mm
2
 km

-2
) and 

Guizhou (0.28 Mm
2
 km

-2
) Provinces also showed substantial ACSBrC emissions because they 

are major coal-producing regions, and people in rural parts of those provinces can purchase 

coal at lower price than other regions in China. In addition to the high ACSBrC emission from 

biomass burning, the impact from coal burning was also substantial in Henan Province (0.25 

Mm
2
 km

-2
), that was possibly related to a higher space heating demand in winter due to its 

large rural population and area. Lower ACSBrC emission intensities (< 0.05 Mm
2
 km

-2
) were 

mainly distributed in southern China (including Guangxi, Guangdong, Fujian, and Hainan 

Provinces) where the climate is warm and in northwest China where the provinces (including 

Xinjiang, Inner Mongolia, and Qinghai Provinces) are large in area and sparse in population. 

The uncertainties in ACSBrC emissions from burning of biomass and residential coal 

were quantitatively evaluated through Monte Carlo simulations, which have been used for 

this purpose in mass emission inventories (Qin and Xie, 2011; Wang et al., 2012; Yan et al., 

2006). The probability distributions of biomass and residential coal consumption were 

assumed to be normal, and coefficients of variation (CV, the standard deviation divides by 

the mean) were set at 30% and 20%, respectively, based on results in Zhao et al. (2011). The 

assumption that probability distributions of AEFs were lognormal follows the work of Bond 

et al. (2004), and the CVs (logarithmic standard deviation divides by the logarithmic mean) 

were 2–14% and 3–32% for burning of crop residues and residential coals, respectively. 

Finally, the CVs of activity data and the AEFs and their corresponding statistical distributions 

were used as the input data for Monte Carlo analysis, and 100,000 simulations were 

performed to estimate the uncertainties. The probability distributions of ACSBrC emissions for 

burning of biomass and residential coals are shown in Figure 5. The values of mean, 2.5th 

percentile, and 97.5th percentile were 4224, 2823, and 5966 Gm
2
 for biomass burning and 

614, 373, and 860 Gm
2
 for residential coal combustion. The overall uncertainties at the 95% 

confidence interval for ACSBrC emissions were -33.2 to 41.2% for biomass burning and -39.3 

to 40.1% for residential coal combustion. A follow-up analyses showed that the activity data 

including the mass of biomass and residential coal burned in China changed slightly between 

the year of 2015 and 2016 (SI Figure S9), and that resulted in similar emissions of ACSBrC (SI 

Figure S10). 

4. Conclusion 

The real-time light-absorbing characteristics of BrC from biomass and coal burning 

were investigated through a series of laboratory experiments. The AAEs for the wavelength 

pair of 370 and 880 nm ranged from 1.19 to 3.25, suggesting the possible existence of BrC in 

both biomass- and coal-burning emissions. Based on the assumption that AAEBC = 1.0, BrC 

from biomass burning contributed to 41–85% of the total light absorption at 370 nm, whereas 

that from burning of bituminous coal only accounted for 15–18%. Moreover, a roughly 

negative correlation (R
2
 = 0.31) between AAEs and modified combustion efficiencies was 

found for the biomass-burning experiments. The AEFBrC values at λ = 370 nm were estimated 

to be 15–47 m
2
 kg

-1
 for biomass and 2–13 m

2
 kg

-1
 for bituminous coal, respectively. Based on 
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those AEFBrC results and county-level activity data, high-resolution optical emission 

inventories of BrC were developed for China in 2015. The estimated total annual ACSBrC 

emissions from biomass and residential coal burning were 4194 Gm
2
 (-33.2, 41.2%) and 615 

Gm
2
 (-39.3, 40.1%), respectively. High ACSBrC emission intensities from biomass-burning 

emission were mainly found in the North China Plain (Shandong, Henan, Anhui, and Jiangsu 

Provinces) (2.67 Mm
2
 km

-2
), Lianghu Plain (Hubei, and Hunan Provinces) (1.38 Mm

2
 km

-2
) 

and Sichuan Basin (0.78 Mm
2
 km

-2
), which are the important agricultural zones. The highest 

ACSBrC intensity from coal-burning emission was found in the Beijing-Tianjin-Hebei region, 

presumably due to the large space heating demand in the wintertime. To the best of our 

knowledge, this is the first data set that provides an optical emission inventory for BrC in 

China, and the results could be used in models to assess the radiative effects of BrC. 
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Figure 1. Fractions of light absorption at specific wavelengths by brown carbon (BrC) and 

black carbon (BC) in the total particles from burning of biomass and bituminous coal: (a) 

wheat straw, (b) corn stalk, (c) rice straw, (d) soybean straw, (e) cotton stalk, (f) sesame stalk, 

(g) sugarcane top, (h and i) high volatile and low volatile bituminous coals (hv-coal and  lv-

coal, respectively). 
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Figure 2. Time series of light absorption coefficients for brown carbon (BrC) (babs-BrC) and 

black carbon (BC) (babs-BC) at 370 nm, light absorption contribution of BrC to the total light 

absorption (CBrC), and modified combustion efficiency (MCE) during burning of (a) wheat 

straw, (b) rice straw, (c and d) high volatile and low volatile bituminous coals (hv-coal and 

lv-coal, respectively). Time resolution is 1 s. 
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Figure 3. Absorption emission factor (AEF, in m
2
 kg

-1
) from selected crop residues and 

bituminous coal burning emissions.  
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Figure 4. The geographic distributions (10 km × 10 km) of BrC absorption cross section 

(ACSBrC) emissions from (a) biomass and (b) residential coal burning for China in 2015. 
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Figure 5. Probability distribution of China’s national BrC absorption cross section (ACSBrC) 

emissions in 2015, based on 100,000 Monte Carlo simulations. (a) Biomass and (b) Coal. 


