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a b s t r a c t

Humic-like substances (HULIS) are complex mixtures that are highly associated with brown carbon (BrC)
and are important components of biomass burning (BB) emissions. In this study, we investigated the
light absorption, emission factors (EFs), and amounts of HULIS emitted from the simulated burning of 27
types of regionally important rainforest biomass in Southeast Asia. We observed that HULIS had a high
mass absorption efficiency at 365 nm (MAE365), with an average value of 2.6 ± 0.83 m2 g�1 C. HULIS
emitted from BB accounted for 65% ± 13% of the amount of water-soluble organic carbon (WSOC) and
85% ± 10% of the light absorption of WSOC at 365 nm. The EFs of HULIS from BB averaged 2.3 ± 2.1 g kg�1

fuel, and the burning of the four vegetation subtypes (herbaceous plants, shrubs, evergreen trees, and
deciduous trees) exhibited different characteristics. The differences in EFs among the subtypes were
likely due to differences in lignin content in the vegetation, the burning conditions, or other factors. The
light absorption characteristics of HULIS were strongly associated with the EFs. The annual emissions
(minimumemaximum) of HULIS from BB in this region in 2016 were 200e371 Gg. Furthermore, the
emissions from January to April accounted for 99% of the total annual emissions of HULIS, which is likely
the result of the burning activities during this season. The most significant emission regions were
Cambodia, Burma, Thailand, and Laos. This study, which evaluated emissions of HULIS by simulating
open BB, contributes to a better understanding of the light-absorbing properties and regional budgets of
BrC in this region.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Atmospheric aerosols play important roles in cloud formation,
air quality, heterogeneous chemistry, Earth’s radiation budget, and
climate change (Dinar et al., 2006; Prasad et al., 2018; Xiang et al.,
2017). Humic-like substances (HULIS), which make up a significant
proportion (12%e45%) of the organics in aerosols (Baduel et al.,
2010; Duarte et al., 2007; Lin et al., 2010a; Salma et al., 2010), are
generally defined as the organic fraction in aerosols and
e by Admir Creso Targino.
istrict, Guangzhou, China.
hydrometeors that exhibits chemical properties (UVevis absor-
bance, fluorescence) similar to those of ubiquitous humic sub-
stances (Baduel et al., 2011; Graber and Rudich, 2006; Lin et al.,
2010b). HULIS represent the hydrophobic fraction of water-
soluble organic matter (WSOM) and account for 36%e63% of the
carbonmass andmore than 70% of the light absorption ofWSOM in
simulated biomass burning (BB) aerosols and ambient aerosols (Mo
et al., 2018; Park and Yu, 2016). Hoffer et al. (2006) measured the
spectral dependence of light absorption by HULIS (absorption
Ångstr€om exponent (AAE) ~6.5) in BB aerosol, which is generally
characterized as brown carbon (BrC). Furthermore, Chen et al.
(2016) determined that HULIS contributed ~ 40% of total BrC.
HULIS can potentially affect the hygroscopicity of particles (Dinar
et al., 2007). Thus, these substances not only affect atmospheric
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heating and cooling through direct light absorption in the
UVevisible spectrum but also affect indirect radiative forcing by
activating cloud nucleation (Stone et al., 2009), and affect surface
tension and photochemical processes (Wang et al., 2017; Zheng
et al., 2013). HULIS, as a component of particulate matter (PM),
may be active in generating reactive oxygen species (Chen et al.,
2019; Lin and Yu, 2011). A very recent study also reported that
HULIS can potentially induce human health risks (Ma et al., 2019).

HULIS in atmospheric aerosols mainly contain aromatic and
aliphatic carboxylic acids, organosulfates (OS), carbohydrates, and
other components (Claeys et al., 2012), and they are mainly derived
from BB and fossil fuel burning, soil weathering, vehicle emissions,
and secondary sources including oligomerization or polymeriza-
tion and aerosol aging through gaseous precursors from biological
and anthropogenic sources through an atmospheric chemical
process (Voliotis et al., 2017; Win et al., 2018). Among the sources
listed above, BB is generally considered one of the largest (Kumar
et al., 2018; Voliotis et al., 2017; Zhou et al., 2018). Kuang et al.
(2015) used positive matrix factorization analysis to determine
20%e28% of the HULIS-C (carbon mass of HULIS) derived from BB
during winter in Guangzhou. Our prior carbon isotope analyses that
more than 50% of HULIS-C is derived from non-fossil sources (e.g.,
BB and biogenic emissions) (Liu et al., 2018; Mo et al., 2018).
Furthermore, it was reported that BB has important effects in
Southeast Asia, where there were significant organic carbon (OC)
emissions (530e1100 Gg) in 2016 and where the emission factors
(EFs) of pollutants are higher than those in North America, South
America, and Africa (Cui et al., 2018 and references therein). Recent
studies have investigated the chemical properties, abundance, light
absorption properties, sources, and structural properties of HULIS
in smoke particles emitted from BB in a laboratory combustion
chamber and field campaigns (Kumar et al., 2018; Mo et al., 2018;
Park and Yu, 2016; Sengupta et al., 2018; Song et al., 2018; Zhou
et al., 2018). However, limited studies have been conducted on
the EFs of HULIS in source emissions, such as BB, which are
important for estimating emission inventories and climate impacts.

Southeast Asia is one of three tropical rainforest systems
worldwide and one of the most active areas for forest fires detected
by the Moderate Resolution Imaging Spectroradiometer (MODIS).
Streets et al. (2003) reported that BB in tropical forest fires
accounted for 73% of the total burning activities every year in
Southeast Asia. Recent studies showed that forest burning is the
main source of air pollution in this region (Lee et al., 2017; Nakata
et al., 2018). However, little is known about the influence of
different vegetation types on the HULIS emitted from biomass fires
in Southeast Asia. Thus, a comprehensive investigation of HULIS
from BB emissions in this region is urgently needed.

An open burning simulation study is suitable for estimating the
characteristics of emissions from the burning of different types of
fuels (Roden et al., 2006). Analyses of HULIS data collected during
simulated BB have suggested that determining the light absorption
properties and amount of emissions of HULIS can improve our
understanding of the profiles and regional budgets of BrC in this
region. Therefore, we investigated BB emissions from regionally
important fuels, including evergreen trees, deciduous trees, shrubs,
and herbaceous vegetation, and characterized these properties in
Southeast Asia. These results will help fill gaps in emission char-
acteristic of HULIS in this highly BB-impacted region.

2. Materials and methods

2.1. Sampling

A newly designed sampling system consisting of a porous tube, a
dilution tunnel, a residence time chamber, and PM samplers was
used in this study. The detailed collection of smoke particles from
simulated open BB has been reported elsewhere (Cui et al., 2018).
Briefly, the biomass fuels were dried for several days until the
moisture decreased to a very low value (about 10%, except for
Chaetocarpus castanocarpus (23%)). The fuels (roughly
20 � 3 � 2 cm3) were ignited in a stainless-steel bowl, and the
rising smoke was collected through the dilution system. For each
biomass, about 1 kg of fuel was burned, and each combustion
process lasted for 20 min. We performed three replicate burns for
each fuel type. Smoke particles were collected from the time the
fuel was ignited, and collection endedwhen the CO2 levels dropped
to atmospheric levels. Dilution ratios of each experimental process
were calculated using the CO2 concentrations before and after
dilution. The sampling flow rate and average dilution ratio were
180 L min�1 and 2.1 ± 0.20, respectively. In total, 27 BB samples,
including herbaceous vegetation (n ¼ 3), evergreen tree (n ¼ 14),
deciduous tree (n ¼ 5), and shrub (n ¼ 5) burning samples, were
collected in 8 � 10-inch quartz filters. The quartz filters for smoke
collection were pre-baked at 450 �C for 5 h before sampling and
then stored at �20 �C until analysis. Additional information about
the sampling is provided in the Supplementary Data.

2.2. Chemical analysis

The separation of HULIS from WSOM was accomplished as fol-
lows. In brief, WSOM was obtained via ultrasonication of filter
punches (area: 3.14 cm2) with 40 mL of ultrapure water for
30 min at room temperature and then filtered with a 0.22-mm
polytetrafluoroethylene (PTFE) membrane. A 20-mL WSOM solu-
tionwas adjusted to pH 2 using hydrochloric acid (HCl). HULIS were
isolated using a pretreated hydrophilicelipophilic balanced (HLB)
solid-phase extraction (SPE) cartridge (Oasis HLB, 30 mm, 200 mg/
cartridge, Waters, USA) (Lin et al., 2010b; Varga et al., 2001). The
inorganic ions and low molecular weight organic acids were
removed by SPE (Lin et al., 2012). The HULIS retained on the SPE
cartridge were eluted with 6 mL of methanol containing 2%
ammonia and then dried under a gentle nitrogen flow. The HULIS
were re-dissolved in 20 mL ultrapure water for further analysis.
Quantification of HULIS was performed using a total organic carbon
(TOC) analyzer (Vario TOC cube; Elementar, Germany).

2.3. UVevisible absorption spectra

The extract solution in a 1-cm path length quartz cell was
subjected to analysis using a UVevisible spectrophotometer (UV-
4802; Unico, China). The wavelengths used to characterize the
UVevis spectra were from 200 to 800 nm at a step size of 2 nm, and
the contribution of the solvent to the UVevis absorption spectra
was subtracted. To characterize the chemical and absorption
properties of HULIS, the AAE, Napierian absorption coefficients (a,
m�1), and mass absorption efficiency (MAE, m2 g�1 C) were
calculated, and these are presented in detail in the Supplementary
Data.

2.4. EFs and emission amounts

Fuel-based EFs were obtained using a carbon-mass balance
formula (Ferek et al., 1998). The underlying premise of this method
is that all of the carbon combusted in a fire and released into the
atmosphere is emitted into the smoke plume in five forms of car-
bon (CO2, CO, CH4, nonmethane hydrocarbons, and particulate
carbon). In addition, during combustion, most of the carbon be-
comes CO and CO2, and neglecting the other carbon species (CH4,
nonmethane hydrocarbons, and carbonaceous aerosols) may
introduce an error of only 1e4% (Roden et al., 2006). Thus, we used
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the optimization method to calculate the EFs (Cui et al., 2017; Cui
et al., 2018):

EFHULIS ¼
DXHULIS

DCO2
$
MHULIS

MCO2

$EFCO2
(1)

EFCO2
¼ CF
cðCCO Þ þ c

�
CCO2

�þ cðCOC Þ þ cðCEC Þ $ cðCO2Þ$MCO2
(2)

where EFHULIS and EFCO2
(g kg�1 fuel) are the EFs for HULIS and CO2,

respectively; DXHULIS and DCO2 (mol m�3) and MHULIS andMCO2
(g

mol�1) are the background-corrected concentrations and molecu-
lar weights of HULIS and CO2, respectively; CF (g C kg�1 fuel) is the
amount of carbon before and after burning the biomass fuel; c(CCO),
cðCCO2

Þ, and c(COC), and c(CEC) (g C m�3) are the flue gas mass
concentrations of CO, CO2, OC, and elemental carbon (EC), respec-
tively; and c(CO2) (mol m�3) is the molar concentration of CO2.
Because the CO sensor did not function well in field sampling, we
introduced the modified combustion efficiency (MCE), defined as
an index of the relative amount of flaming and smoldering com-
bustion occurring during a fire (Ward and Radke, 1993; Yokelson
et al., 1997), which was calculated as the CO2 concentration
divided by the summed concentrations of CO2 and CO (see Equation
(3)). Our previous study summarized the MCE of BB, obtaining an
average value of 0.91 ± 0.07, which was used for calculating the CO
concentration (Cui et al., 2018 and references therein). This method
was used in this study:

MCE¼ c
�
CCO2

� � �
c
�
CCO2

�þ cðCCOÞ
�

(3)

where c(CCO) and cðCCO2
Þ are the flue gas mass concentrations of CO

and CO2 (g C m�3), respectively.
In addition, HULIS emissions were calculated by estimating the

emissions of HULIS from tropical rainforest burning in Southeast
Asia on temporal and spatial scales in 2016. The emissions of HULIS
from rainforest BB were defined by the following equation (Chang
and Song, 2010):

EHULIS ¼A� B� CF� EFHULIS (4)

where EHULIS is the emissions of HULIS (Gg). A is the burned area
(m2) in Southeast Asia in 2016, which was obtained from the
MODIS active fire product (MCD45A1) with the Global Map data at
a resolution of 500 m (https://e4ftl01.cr.usgs.gov/MOTA/); this was
used to estimate the entire area that was burned in Southeast Asia
in 2016. B is the aboveground available biomass density (kg m�2),
which consisted mainly of aboveground biomass fuels (forest,
shrubland, and grassland) and was obtained from a previous study
(Chang and Song, 2010 and reference therein). The CF (combustion
factor), defined as the fraction of available fuels exposed to fire that
are actually burned during combustion (Shi et al., 2014; Ward and
Radke, 1993), was summarized in Cui et al. (2018). We used the
values of 0.3 ± 0.09, 0.6 ± 0.18, and 0.9 ± 0.27 for coarse woodland
(evergreen and deciduous trees), shrubs, and herbaceous vegeta-
tion, respectively, to calculate the emissions.
2.4.1. Uncertainty of emissions
Assessments of the amount of BB and the associated emissions

remain highly uncertain. The large uncertainties associated with
burned biomass estimates, particularly those associated with open
burning, are caused by the uncertainties inherent in burned areas,
fuel loads, combustion factors, and EFs (Ito and Penner, 2004). The
uncertainty of HULIS emissions was measured by a propagation of
error formula (Equations (5) and (6)), which is commonly used to
calculate the error:

U2
h ¼

X
U2
hi (5)

ðUhi=AveEHULISÞ2 ¼ðUAi=AveAiÞ2 þðUEFi=AveEFiÞ2

þðUBi=AveBiÞ2 þ ðUCFi=AveCFiÞ2
(6)

where Uh is the emission uncertainty of HULIS (Gg), and Uhi is the
emission uncertainty of HULIS for vegetation i (i¼ coarse woodland
(evergreen and deciduous trees), shrubs, and herbaceous vegeta-
tion). The AveEHULIS (Gg) is the product of the arithmetic mean of
AviAi (m2), AveEFi (g kg�1 fuel), AveBi (kg m�2), and AveCFi based on
Equation (4). In addition, UAi/AveAi is the ratio of the standard de-
viation and average value of the burned area for vegetation i; UEFi/
AveEFi is the ratio of the standard deviation and average value of EFs
for vegetation i; UBi/AveBi is the ratio of the standard deviation and
average value of aboveground biomass density for vegetation i; and
UCFi/AveCFi is the ratio of the standard deviation and average value
of the combustion factor for vegetation i, respectively.
3. Results and discussion

3.1. Optical properties of HULIS in smoke particles of BB

AAE and MAE are important light absorption parameters that
have been widely used to characterize the light properties of BrC.
AAE is used to reflect the spectral dependence of BrC. Its values can
be used to discriminate between black carbon (BC) and BrC.
Generally, AAE values of BC are close to 1, and those of BrC are in
excess of 1. Fig. S2 shows characteristic absorption spectra within
the wavelength (l) range of HULIS emitted from BB. The spectra
exhibit a strong wavelength dependence. Previous studies of
controlled combustion experiments reported high AAE values for
alkaline-soluble HULISAS (5.75 ± 0.11 for rice straw and 6.89 ± 0.13
for Chinese fir) and water-soluble HULISWS (6.20e8.13) from pri-
mary BrC in BB smoke PM2.5 (Fan et al., 2018) and for HULISWS
(6.2e9.3) from BB emissions (Park and Yu, 2016). In the present
study, the fitted AAE (at 330e400 nm) of HULIS emitted from BB
was 6.7± 1.3 (3.6e9.3) (Table 1), and the correlation between ln(Al)
and ln(l) was greater than 0.99 (p < 0.001) (Fig. S2), which is
characteristic of BrC. In fact, a significant proportion of the evidence
for the atmospheric presence of BrC comes from the spectral
properties of water extracts of aerosols (Chen et al., 2017; Zhang
et al., 2013a). Shetty et al. (2019) indicated that these bulk sol-
vent measurements of the AAE might not be representative of the
spectral dependence of OC in the particle phase. However, the
solvent-based method provides a direct measurement of BrC
chromophore absorption without interference from light absorp-
tion by BC or other absorbers (Liu et al., 2013; Zhang et al., 2013a).
AAE values are associated with sources, atmospheric processes (Li
et al., 2016), fitting wavelength ranges, OC polarity (Chen and
Bond, 2010), and extraction methods (Zhang et al., 2013a), and
they vary widely at different locations. Saleh et al. (2013) found that
photochemically aged organic aerosol (OA) emitted from BB
exhibited higher AAE values than those of primary OA, and that the
AAE increased upon processing. Martinsson et al. (2015) observed
variable AAE values in different phases of combustion of wood
burning.

We classified biomass fuels into four vegetation subtypes ac-
cording to the properties of plants: herbaceous, evergreen trees,
deciduous trees, and shrubs (Table 1). The AAE values of burning
herbaceous plants (7.0 ± 0.44) and evergreen trees (6.9 ± 1.2) were
slightly higher than those of deciduous trees (6.3 ± 1.9) and shrubs

https://e4ftl01.cr.usgs.gov/MOTA/


Table 1
The EFs of HULIS, the ratios of HULIS-C/OC, HULIS-C/WSOC, and EC/OC, and light absorption of HULIS from BB emissions. The error indicates analytical uncertainty based on
triplicate measurement.

Categories Fuel name EFHULIS (g kg�1

fuel)
HULIS-C/OC
(%)

HULIS-C/WSOC
(%)

EC/OC
(%)

AAE (330
e400 nm)

MAE250(m2 g�1

C)
MAE365(m2 g�1

C)
E2/E3

Herbaceous Musa nana Lour. 3.7 ± 0.12 30% ± 1.0% 74% ± 3.3% 6.5% 7.1 ± 0.012 8.3 ± 0.004 1.8 ± 0.009 4.6 ± 0.025
Rhynchelytrum repens 2.2 ± 0.070 41% ± 1.3% 87% ± 2.2 11% 7.3 ± 0.12 8.7 ± 0.0014 1.7 ± 0.023 5.0 ± 0.061
Eupatorium odoratum L. 0.60 ± 0.023 34% ± 1.4% 64% ± 3.3% 33% 6.5 ± 0.12 11 ± 0.068 2.5 ± 0.065 4.5 ± 0.088

Shrubs Lasiococca comberi Haines 0.93 ± 0.032 7.0% ± 0.24% 68% ± 3.5% 0.58% 6.8 ± 0.11 7.8 ± 0.035 2.2 ± 0.006 3.6 ± 0.026
Pseudostachyum Polymorphum 1.2 ± 0.032 38% ± 1.0% 71% ± 2.7% 38% 6.3 ± 0.088 8.7 ± 0.030 2.3 ± 0.017 3.7 ± 0.037
Rauvolfieae verticillata* 0.32 ± 0.038 26% ± 3.0% 39% ± 5.7% 57% 4.1 ± 0.29 18 ± 3.3 5.1 ± 0.45 3.5 ± 0.36
Rauvolfieae verticillata 3.5 ± 0.032 55% ± 0.50% 84% ± 1.3% 13% 6.9 ± 0.068 8.1 ± 0.62 2.1 ± 0.317 3.9 ± 0.32
Trema tomentosa (Roxb.) H. Hara 1.1 ± 0.016 38% ± 0.56% 68% ± 1.0% 9.0% 8.1 ± 0.047 11 ± 0.008 3.1 ± 0.006 3.5 ± 0.006

Evergreen
trees

Castanopsis Spach 4.6 ± 0.090 32% ± 0.63% 76% ± 1.8% 7.5% 8.0 ± 0.14 9.4 ± 0.011 1.6 ± 0.037 5.7 ± 0.12
Antiaris toxicaria Lesch 5.3 ± 0.19 40% ± 1.4% 87% ± 5.0% 7.0% 8.9 ± 0.023 7.4 ± 0.002 1.3 ± 0.003 5.8 ± 0.014
Toona ciliata Roem. 3.5 ± 0.11 24% ± 0.80% 50% ± 1.1% 7.9% 6.3 ± 0.35 11 ± 2.3 2.7 ± 0.63 4.0 ± 0.010
Duabanga grandiflora 1.1 ± 0.041 31% ± 1.1% 47% ± 1.6% 18% 5.6 ± 0.19 13 ± 3.5 3.8 ± 1.1 3.4 ± 0.023
Anthocephalus chinensis 1.1 ± 0.040 39% ± 1.4% 72% ± 2.4% 13% 7.5 ± 0.055 8.7 ± 0.008 2.0 ± 0.005 4.3 ± 0.009
Macaranga denticulata 2.1 ± 0.044 28% ± 0.58% 57% ± 0.50% 18% 6.7 ± 0.020 13 ± 0.008 3.6 ± 0.017 3.7 ± 0.015
Litchi chinensis Sonn. 0.47 ± 0.014 27% ± 0.77% 53% ± 2.1% 12% 6.4 ± 0.011 13 ± 0.007 2.8 ± 0.020 4.6 ± 0.031
Pinus kesiya var. langbianensis 0.78 ± 0.010 31% ± 0.42% 58% ± 1.5% 30% 6.7 ± 0.083 12 ± 0.018 3.1 ± 0.023 3.8 ± 0.034
Paramichelia baillonii 1.5 ± 0.044 29% ± 0.87% 64% ± 2.3% 16% 6.6 ± 0.077 13 ± 3.3 3.5 ± 0.93 3.7 ± 0.056
PterospermummenglunenseHsue 2.8 ± 0.062 33% ± 0.75% 54% ± 4.0% 7.0% 6.6 ± 0.022 11 ± 0.007 3.1 ± 0.002 3.7 ± 0.003
Cassia siamea Lam. 1.6 ± 0.033 35% ± 0.73% 53% ± 0.40% 24% 6.2 ± 0.028 11 ± 0.007 2.9 ± 0.006 3.8 ± 0.006
Baccaurea ramiflora Lour 1.7 ± 0.061 37% ± 1.3% 55% ± 1.9% 23% 5.4 ± 0.058 10 ± 0.023 3.1 ± 0.017 3.4 ± 0.017
Chaetocarpus castanocarpus 8.6 ± 0.065 34% ± 0.25 54% ± 3.6% 3.3% 9.3 ± 1.5 9.4 ± 0.99 2.2 ± 0.50 4.4 ± 0.63
Citrus maxima 0.62 ± 0.007 31% ± 0.33% 48% ± 2.9% 16% 6.0 ± 0.017 13 ± 0.008 3.0 ± 0.027 4.4 ± 0.039

Deciduous
trees

Melia azedarach 1.8 ± 0.056 25% ± 0.79% 53% ± 2.0% 7.9% 6.3 ± 0.014 12 ± 0.009 2.8 ± 0.011 4.1 ± 0.018
Bischofia polycarpa 6.9 ± 0.072 43% ± 0.44% 78% ± 3.6% 5.4% 7.0 ± 0.076 8.3 ± 0.013 2.0 ± 0.020 4.1 ± 0.003
Broussonetia papyrifera* 0.89 ± 0.019 7.9% ± 0.17% 78% ± 2.0% 5.0% 5.9 ± 0.094 10 ± 0.036 2.6 ± 0.017 3.9 ± 0.027
Broussonetia papyrifera 1.7 ± 0.024 21% ± 0.30% 73% ± 1.8% 7.8% 8.9 ± 0.042 6.8 ± 0.012 1.4 ± 0.008 5.0 ± 0.022
Hevea brasiliensis 0.63 ± 0.006 54% ± 0.49% 82% ± 5.4% 49% 3.6 ± 0.46 8.4 ± 1.4 3.1 ± 0.552 2.7 ± 0.034

Where the levels of OC and WSOC were described in our other study (Tang et al., 2020); Note that the “*” is representative of the twig of this tree.
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(6.4 ± 1.5) (Fig. 1a). It seemed that the fuel types were responsible
for the different AAE values. Here, we introduce the EC/OC ratio,
which is used as an indicator of fire conditions. Recent studies
comparing MCE and EC/OC have indicated that EC/OC is key to
understanding aerosol absorption properties (Lu et al., 2015;
Pokhrel et al., 2016). The correlation clearly showed that the AAE of
HULIS from BB is dependent on the burn conditions (Fig. S3a). A
similar result was observed in the study of Xie et al. (2017). In
addition, Chen and Bond (2010) inferred that higher AAE values are
associated with weakly absorbing particles. Additionally, previous
study has indicated that pH has a significant influence on light
absorption properties (Mo et al., 2017). Thus, to eliminate the effect
of pH, we adjusted the pH of the HULIS solution to that of WSOM
using dilute HCl or NaOH. We found that the AAE values of HULIS
were lower than those of WSOM, indicating that HULIS have a
higher degree of conjugation. Similar results have been observed in
many other studies (Li et al., 2018; Liu et al., 2018; Mo et al., 2018)
(Table S1). Generally, BrC exhibits significant absorption at 365 nm,
awavelength long enough to avoid the influences from non-organic
compounds (e.g., nitrate) (Hecobian et al., 2010; Xie et al., 2019). In
this study, HULIS accounted for 85 ± 10% of the absorption at
365 nm byWSOM (Fig. 2), which was comparable with a previously
reported rate of 80 ± 6.1% of the WSOC absorption (Mo et al., 2018).
Park and Yu (2016) found that light absorption by WSOM from BB
had a stronger relationship with HULIS thanwith non-HULIS. Thus,
HULIS are important absorption components of WSOM. Moreover,
a clear shoulder in the region of 250e300 nm was observed in
HULIS of smoke particles emitted from BB. This is generally
attributed to pep* electron transitions in moieties containing C]C
and C]O double bonds (Domeizel et al., 2004).

MAE can reflect light absorption ability and is defined as the
ratio of the light absorption by each extract to the mass concen-
tration. The MAE value of HULIS at 365 nm (MAE365) was
2.6 ± 0.83 m2 g�1 C for BB emissions (Table 1 and Fig. 1c). For the
four vegetation subtypes, HULIS from burning shrubs had the
highest light absorption capacity (3.0 ± 1.3 m2 g�1 C), followed by
those from evergreen trees (2.8 ± 0.74 m2 g�1 C), deciduous trees
(2.4± 0.69m2 g�1 C), and herbaceous plants (2.0 ± 0.45m2 g�1 C). A
study by Saleh et al. (2014) reported that the absorptivity of aero-
sols emitted from BB depended largely on the burn conditions, not
the fuel type. In addition, Chen and Bond (2010) indicated that MAE
values were mainly affected by pyrolysis temperature and that the
difference caused by temperature was larger than the differences
resulting from wood type and wood size. A significant correlation
between EC/OC and MAE365 of HULIS further confirmed that the
light absorption of HULIS from BB emissions depended on the burn
conditions, as measured by EC/OC (Fig. S3a). In this study, the
MAE365 values emitted from BB were much higher than those from
water extracts (0.16e2.09 m2 g�1 C) (Sengupta et al., 2018) and
water-soluble HULIS (1.12e1.60 m2 g�1 C) (Fan et al., 2018) from BB
emissions, as well as those of ambient aerosols includingWSOC and
HULIS (1.0 ± 0.3 and 0.8 ± 0.3 m2 g�1 C, respectively) of PM2.5 in
Korea (Park et al., 2018), WSOC (1.22 ± 0.11 m2 g�1 C) of PM2.5 in
Beijing (Cheng et al., 2016), and water-soluble HULIS from coal
combustion (0.5e1.0 m2 g�1 C) (Li et al., 2018), suggesting that
water-soluble HULIS derived from BB have strong light-absorbing
capacity. Previous work indicated that the MAE value of WSOC
was almost three times higher in BB periods than in non-BB periods
(Hecobian et al., 2010). This phenomenon indicates that primary
WSOC or HULIS from BB can significantly affect the light-absorbing
abilities of organic aerosols in the atmospheric environment.
Furthermore, the higher absorption efficiency of biomass smoke
may be associated with the presence of polar aromatic compounds,
such as phenolic species from lignin pyrolysis (Duarte et al., 2007;
Phillips and Smith, 2014).

The ratio of MAE250 to MAE365 (E2/E3), which is negatively
correlated with aromaticity and molecular size, has been success-
fully applied to characterize the chemical properties of HULIS (Chen



Fig. 1. The AAE values (a), MAE at 250 and 365 nm (b and c, respectively), and E2/E3 values (d) for the WSOC, HULIS emitted from BB, respectively. Where the MAE365 of WSOC was
described in our other study (Tang et al., 2020).

Fig. 2. Mean of light absorption of WSOM and HULIS and mean of the relative con-
tributions of HULIS to WSOM absorption from BB emissions.
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et al., 2016; Fan et al., 2012). Table 1 and Fig. 1d show that the E2/E3
values of HULIS were 4.1± 0.71 for overall BB samples, 4.7 ± 0.27 for
herbaceous plants, 3.6 ± 0.18 for shrubs, 4.2 ± 0.77 for evergreen
trees, and 4.0 ± 0.82 for deciduous trees, implying that these BB-
derived HULIS had similar aromaticity and molecular size
(p > 0.05, t-test). These results are consistent with our previous
study that analyzed smoke particles from one herbaceous plant and
one deciduous tree and obtained a similar compositional structure
using Fourier-transform ion cyclotron resonance mass spectrom-
etry (Tang et al., 2020). In contrast with WSOC (Fig. 1), HULIS had
higher MAE365 and lower E2/E3 values, indicating the larger mo-
lecular size and higher aromaticity of HULIS. This result is consis-
tent with the result that the strongly light-absorbing component of
the water-soluble BrC was concentrated in the isolated HULIS (Mo
et al., 2017), and the HLB method used in this study was favorable
for isolating high UV-absorbing, more aromatic compounds (Fan
et al., 2012). The E2/E3 values in this study were comparable to
those of primary HULIS emitted from the combustion of biomass
(5.8 ± 0.5, 4.5 ± 0.2, and 4.4 ± 0.3 for combustion of rice straw, corn
straw, and pine branches, respectively), lower than that of primary
HULIS emitted from the combustion of coal (14.7 ± 0.7) (Fan et al.,
2016), and lower than that of atmospheric HULIS (5.8 ± 0.4 and
11.2 ± 1.4 for HULIS-n and HULIS-a, i.e., of neutral and acidic nature
at the elution step, respectively) (Chen et al., 2016).

3.2. HULIS EFs

The EFHULIS emitted from the burning of 27 types of tropical
plants are presented in Table 1. The average EFHULIS was
2.3 ± 2.1 g kg�1 fuel, and the rangewas 0.32e8.6 g kg�1 fuel. Awide
range of EFs was observed for the burning of different fuels, which
was probably due not only to the burn conditions but also to other
factors. Fig. S3b shows the relationship between the EFs of HULIS
and EC/OC (R2 ¼ 0.23), showing that EFHULIS was dependent on the
burn conditions. However, the weak correlation suggested that
something other than fire conditions might influence the EFs of
HULIS emitted from BB. Mcmeeking et al. (2009) indicated that
fuels with highermoisture burnedwith lowerMCE, and that factors
other than fuel moisture, such as the fuel mass and burning of
different plant components, affect the MCE. Their results showed
that EFs were negatively correlated with MCE and increased with
increasing contributions from smoldering-phase combustion.
Similar results were observed in a previous study (Ferek et al.,
1998). This indicates that the EFs may be affected by various fac-
tors. The emission profiles of HULIS from the burning of the four
vegetation subtypes were different. The average EFHULIS values
were 2.1 ± 1.5 g kg�1 fuel for herbaceous plants, 1.4 ± 1.2 g kg�1 fuel
for shrubs, 2.6 ± 2.3 g kg�1 fuel for evergreen trees, and
2.4 ± 2.6 g kg�1 fuel for deciduous trees (Fig. 3). The lignin content
of the vegetation is likely another reason for the different EFs.
Lignin reportedly accounts for 7.4e12.2% of the lignocellulose in
herbaceous plants and 21e25% in deciduous and evergreen trees



Fig. 3. The average EFHULIS of four Vegetation sub-types burning in Southeast Asia.
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(Cui et al., 2018; Guo et al., 2008). This may be the reason that the
EFs of HULIS emitted from the burning of deciduous and evergreen
trees were higher than those of HULIS emitted from herbaceous
plants. HULIS EFs for vegetation burning varied widely, as indicated
by the high standard deviations associated with the data. The
different EFHULIS of the four types of tropical forest vegetation in
this study illustrated that there was large uncertainty when
calculating the emissions of HULIS using only a single EF. In addi-
tion, we found that the lowest EFs of HULIS, emitted from shrubs,
corresponded to the highest MAE365 and the lowest E2/E3 values
(described previously), implying lower EFs but higher light ab-
sorption ability of the HULIS.

The ratios of HULIS-C to OC and to WSOC for each biomass type
are summarized in Table 1. The average HULIS-C/WSOC ratio in the
present study was 65% ± 13%, which is generally within the range of
24%e72% of the ambient HULIS-C/WSOC ratio (Tan et al., 2016). The
atmospheric HULIS-C/WSOC is influenced by differences in the
major formation processes and increases from secondary formation
(Park and Yu, 2016). The ratios of HULIS-C to WSOC exhibited
distinct differences among the four vegetation fuels, being almost
10%e20% higher in herbaceous (75% ± 11%) and deciduous trees
(72% ± 12%) than in shrubs (66% ± 17%) and evergreen trees
(59% ± 12%). However, relatively consistent HULIS-C/OC ratios
(from 30% ± 18% in deciduous trees to 35% ± 5.6% in herbaceous
plants) were observed among the four vegetation fuels. The average
value of the HULIS-C/WSOC ratio in the present study was com-
parable with the ratio of rice straw (63%) and higher than that of
pine needles (36%) and sesame stems (51%) from simulated BB
aerosols (Park and Yu, 2016). The highly BB-impacted region
exhibited a HULIS-C/WSOC ratio of up to 63%e70% (Salma et al.,
2010). HULIS have been reported as the dominant components of
WSOC worldwide and comprise almost 72% of the latter (Kiss et al.,
2002). In addition, a significant fraction of HULIS-C/WSOC was
found in other chamber experiments and ambient aerosols, such as
coal combustion (30%e63%) (Li et al., 2018), aerosol (32%e43%)
(Voliotis et al., 2017), and Arctic aerosol (3.0%e16%) (Nguyen et al.,
2014). However, direct comparisons of HULIS among different
studies are hampered by the different methods used for isolating
and quantifying HULIS (Nguyen et al., 2014). The HULIS-C/OC ratio
(32% ± 11%) in the present study was higher than the ratios
(27% ± 3.0% during the day and 20% ± 3.0% at night) in PM10 in the
Indo-Gangetic Plain (Kumar et al., 2018) but lower than that
(36% ± 7.0%) in PM2.5 from Weizhou Island (Zhou et al., 2018). Lin
et al. (2010a) observed that HULIS-C/OC ratios were much higher
in BB-affected ambient samples (61% ± 16% and 62% ± 10% for
suburban and urban samples, respectively) than in fresh BB sam-
ples, probably due to multiple pathways leading to secondary for-
mation of HULIS as BB smoke ages in the atmosphere.

The relationships between the EFs of HULIS and those of PM, OC,
EC, WSOC, and non-HULIS (non-HULIS ¼ WSOC � HULIS) emitted
from BB are presented in Fig. 4a and b and Table S2. For all BB
samples, the EFHULIS values were significantly associated with the
EFs of PM, OC, and WSOC, with R2 values of 0.84, 0.76, and 0.92,
respectively, but weakly correlated with the EF of EC (R2 ¼ 0.17).
This can be explained by the MCE value. A decrease in MCE (more
smoldering) resulted in an increase in OC and a decrease in EC
emissions, but there was a slight increase in EC particle production
compared with OC in the flaming combustion process (Jen et al.,
2019). Due to the strong light absorption and high emission of
HULIS, the relationship between EFHULIS and the optical properties
was assessed (Fig. 4c and Table S2). EFHULIS was positively associ-
ated with a280 (P < 0.01) and a365 (P < 0.01), indicating the
important relationship between EFs and the light absorption of
HULIS.
3.3. HULIS emissions in Southeast Asia

Through calculations using the equation considering EFHULIS
along with BB area, fuel load, and CF, we determined the annual
HULIS emissions from BB in Southeast Asia. Table 2 shows that the
emissions of HULIS from BB in 2016, totaling 223 Gg, contributed
one-third of the OC emissions (687 Gg) in this region (Cui et al.,
2018), indicating that HULIS are an important component of BB
emissions in Southeast Asia. However, uncertainty in BB emissions
is mainly associated with biomass amount, burning fraction, and
EFs (Zhang et al., 2013b). Thus, we assumed that the total un-
certainties from the MODIS burned-area product and the com-
bustion factor were 20% and 30%, respectively, as reported by
previous studies (Hyer and Reid, 2009; Jain et al., 2006). The
standard deviations of the mean values of EFHULIS estimated in this
study were 92%, 87%, and 71% for forest, shrub, and herbaceous
burning, respectively. Finally, we estimated the emissions of HULIS
(minimum to maximum), which ranged from 200 to 371 Gg year�1.
Due to the lack of EFs and emissions of HULIS in other studies, we
roughly calculated the HULIS emissions by multiplying by a con-
version rate of one-third of the OC emissions. We observed that
HULIS emissions in Southeast Asia in 2016 were higher than the
calculated HULIS emissions (137 Gg for average annual L3JRC-based
emissions and 130 Gg for average annual MCD45A1-based emis-
sions) from BB in Southeast Asia from 2000 to 2006 (Chang and
Song, 2010), and the calculated HULIS emissions (81 Gg in 2000
and a projection of 54 Gg in 2020) estimated for household coal
combustion in China (Chen et al., 2009).

In this region (Fig. 5a), Cambodia emitted the highest amount of
HULIS, with an annual total of 93 Gg, followed by Burma (79 Gg)
and Thailand (32 Gg), contributing 42%, 35%, and 14% of the total
HULIS emissions in 2016, respectively. In addition, assessment of
seasonal changes showed that the HULIS emissions in January
(71 Gg), February (70 Gg), and March (65 Gg), accounting for 32%,
32%, and 29% of the total annual emissions, respectively, were
higher than those in other months. There is no doubt that high
emissions of HULIS were observed in mainland Southeast Asia
during January to March, which is consistent with the results of Lee
et al. (2017), in which higher PM2.5 concentrations were found in
this region during February to April from 2003 to 2014. Aside from
the months of JanuaryeMarch, the emission of HULIS in April was
relatively high at 15 Gg, accounting for 6.6% of the total annual



Fig. 4. Relationships between EFHULIS and (a, b) EFPM, EFOC, EFEC, EFWSOC, and EFnon-HULIS, and (c) light absorption of HULIS from BB emissions.

Table 2
Emissions of HULIS from rainforest BB in Southeast Asia in 2016.

Month in 2016 Burning area (km2) EHULIS (Gg)

January 4044 70.9
February 4605 70.4
March 4901 65.2
April 1031 14.6
May 33.0 0.58
June 1.16 0.031
July 2.38 0.064
August 8.89 0.24
September 8.23 0.22
October 0.20 0.0055
November 1.68 0.027
December 19.5 0.30
Sum 14,657 223
Uncertainty 2931 200e371 (minimumemaximum)
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emissions. We further determined that the HULIS emissions from
JanuaryeApril accounted for 99% of the total annual HULIS emis-
sions, which was explained by a previous study that concluded that
such temporal variations were attributable to climate and agricul-
tural activities (Cui et al., 2018). Streets et al. (2003) showed that
Southeast Asia exhibits a high degree of BB in the spring. This
finding was also supported by densely distributed active fire spots
obtained fromMODIS (Fig. S4). For the fire season of BB, which lasts
from February to April, we calculated the relative contributions of
nine countries to the total monthly emissions and plotted the re-
sults in Fig. 5b. The results revealed that Cambodia emitted
considerable HULIS in January and February, accounting for 82%
and 47% of the total monthly emissions, respectively. This may be
due to the extensive burning that occurred, which was the main
source for high HULIS emissions in Cambodia in January (84% of the
total burned area) and February (42% of the total burned area). The
significant HULIS emissions in FebruaryeApril, but not January, in
Burma and Thailand may have been due to clearing land with fire
before spring cultivation.
4. Conclusions

This is the first study to use simulated rainforest BB to calculate
the emissions and light absorption of HULIS emitted in Southeast
Asia. We observed that the derived water-soluble HULIS exhibited
strong light absorption, and as a hydrophobic component of
WSOM, accounted for 65% ± 13% of the WSOC from BB emissions,
contributing 85 ± 10% of the light absorption of WSOM at 365 nm.
We also observed that the EFs of HULIS differed among the four
vegetation subtypes, likely due to differences in lignin content,
burning conditions, or other factors. The total emission of HULIS
from BB in Southeast Asia in 2016 was 223 Gg. Cambodia made the
highest contribution to this amount, with an annual total of 93 Gg,
followed by Burma (79 Gg) and Thailand (32 Gg). The seasonal
distribution showed that the emissions from January to April
accounted for 99% of the total annual HULIS emissions. The high
amount of emissions and strong light absorption of HULIS from BB
in Southeast Asia indicated that BB-derived HULIS have an impor-
tant influence on the regional radiation budget and climate change.
These results will provide new insights into the profiles of HULIS in
this region.



Fig. 5. Emissions of HULIS in Southeast Asia (a) and the relative contributions of HULIS
to total emissions amount from January to April (b) from BB emissions in nine coun-
tries in 2016.
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