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Brown carbon (BrC) aerosols have important warming effects on Earth's radiative forcing. However, information
on the evolution of the light-absorption properties of BrC aerosols in the Asian outflow region is limited. In this
study, we evaluated the light-absorption properties of BrC using in-situ filter measurements and sky radiometer
observations of the ground-based remote sensing network SKYradiometer NETwork (SKYNET) made on Fukue
Island, western Japan in 2018. The light-absorption coefficient of BrC obtained from filter measurements had a
temporal trend similar to that of the ambient concentration of black carbon (BC), indicating that BrC and BC
have common combustion sources. The absorption Angstrom exponent in the wavelength range of 340–870
nm derived from the SKYNET observations was 15% higher in spring (1.81 ± 0.30) than through the whole
year (1.53 ± 0.50), suggesting that the Asian outflow carries light-absorbing aerosols to Fukue Island and the
western North Pacific. After eliminating the contributions of BC, the absorption Angstrom exponent of BrC
alone obtained from filter observations had a positive Spearman correlation (rs=0.77, p< 0.1)with that derived
fromSKYNET observations but 33% higher values, indicating that the light-absorption properties of BrCwere suc-
cessfully captured using the two methods. Using the atmospheric transport model FLEXPART and fire hotspots
obtained from the Visible Infrared Imaging Radiometer Suite product, we identified a high-BrC event related to
an air mass originating from regions with consistent fossil fuel combustion and sporadic open biomass burning
in central East China. The results of the studymay help to clarify the dynamics and climatic effects of BrC aerosols
in East Asia.
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1. Introduction

Light-absorbing carbonaceous aerosols are major aerosol constitu-
ents contributing to the radiative balance. It has long been realized
that black carbon (BC) aerosols absorb solar radiation from ultraviolet
to visible and near-infrared wavelengths, having a warming effect (Liu
et al., 2020; Quinn et al., 2008). Meanwhile, organic aerosols have
been deemed to cool the Earth's surface (Fuzzi et al., 2006; Zhu et al.,
2019b). However, recent studies have revealed that some fraction of or-
ganic aerosols, termed brown carbon (BrC), is highly light absorbing in
the ultraviolet to visible spectrum (Kirchstetter et al., 2004; Laskin
et al., 2015). Global model studies have indicated that BrC accounts for
~25% to ~35% of radiative forcing by absorbing carbonaceous aerosols
in the tropopause globally (Zeng et al., 2020; Zhang et al., 2020; Zhang
et al., 2017). However, the role of BrC in the radiative balance remains
largely uncertain, especially at the regional scale (Zhang et al., 2020).
To better constrain radiative transfer models for the more accurate pre-
diction of the future climate, it is of fundamental importance to unravel
the sources, chemical composition, and optical properties of BrC.

BrC aerosols are primarily emitted in the combustion of biomass,
solid fuels, and fossil fuels (Chakrabarty et al., 2010; Laskin et al.,
2015). BrC chromophores can also be generated via the photo-
oxidation of toluene in the presence of NOx (Lin et al., 2015). The reac-
tion of ammonia with secondary organic aerosols is another source of
BrC (Galloway et al., 2009; Lin et al., 2015; Updyke et al., 2012). Recent
studies have indicated that BrC also forms from ketoaldehydes of bio-
genic monoterpenes (Nguyen et al., 2013). A field study indicated that
the half-life time of BrC in the atmosphere during the burning of bio-
mass is 9–15 h (Forrister et al., 2015), although it varies for different
cases.

BrC aerosols comprise of a variety of chemical components including
all light-absorbing chromophores. Chemical components of BrC have
been quantified through online mass spectrometry using a high-
resolution time-of-flight aerosol mass spectrometer, where the H:C
ratio is related to the primary sources and the O:C ratio is related to
the secondary sources (Chen et al., 2016; Costabile et al., 2017). How-
ever, it is challenging to determine the chemical compound in detail.
BrC chromophores can also be determined using extract-based
methods, including florescence spectroscopy and mass spectrometry
(Budisulistiorini et al., 2017; Phillips and Smith, 2015; Wu et al.,
2020). The excitation–emission matrix can be derived through flores-
cence spectroscopy, where BrC is often categorized as humic-like and
protein-like chromophores (Chen et al., 2016; Wu et al., 2020).

In comparison with the investigation of chemical components, the
investigation of the optical properties of BrC ismore convenientwith re-
spect to the climatic effects. Light absorption parameters, such as the ab-
sorption coefficient (Abs), mass absorption efficiency, and absorption
Angstrom exponent (AAE), are frequently quantified (Bluvshtein et al.,
2017; Hecobian et al., 2010; Xie et al., 2016). Abs of BrC particles can
be quantified continuously using a photoacoustic spectrometer and
aethalometer (Bluvshtein et al., 2017; Saleh et al., 2013; Wang et al.,
2016; Yuan et al., 2016). BrC light absorption can also be quantified by
collecting aerosol samples followed by solvent extraction andmeasure-
ment (Chen et al., 2016; Hecobian et al., 2010; Xie et al., 2016). Ground-
based remote sensing is another option with which to evaluate BrC
optical properties, although the separation of BrC from BC, mineral
dust, ammoniumsulfate-like components, and aerosolwater is required
(Bahadur et al., 2012; Choi and Ghim, 2016; Choi et al., 2020; Li et al.,
2013).

Rapid economic growth in East Asian countries such as China is ac-
companied by large emissions of carbonaceous aerosols. A series of
emission control policies has been implemented in China since 2010;
e.g., the Action Plan on the Prevention and Control of Air Pollution
(State Council of the People's Republic of China, 2013). As a conse-
quence, the direct anthropogenic emission of carbonaceous aerosols in
China has had a decreasing trend since 2010 (Kanaya et al., 2020;
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Zheng et al., 2018). However, nonmethane volatile organic compounds
increased over the period 2010–2017 (Li et al., 2019), whichmight fos-
ter the secondary formation of BrC. BrC can also be emitted in the burn-
ing of crop residues in China and forest fires in Russia (Zhu et al., 2015a;
Zhu et al., 2017); the latter has been predicted to occurmore frequently
in 2100 (Veira et al., 2016). BrC from these potential sources can be
transported to the outflow region in thewestern North Pacific, reducing
the air quality, altering the aerosol chemical composition (Zhu et al.,
2019a; Zhu et al., 2015b), and affecting the regional climate. However,
the temporal variations and sources of BrC aerosols in the western
North Pacific remain under-examined.

In this study, the light-absorption properties of BrC are investigated
by combining in-situ filter measurements and sky radiometer observa-
tions made in 2018 on Fukue Island, western Japan, an outflow site of
the Asian continent. We report important light-absorption properties
of BrC, such as Abs obtained from filter observations, the absorption
aerosol optical depth (AAOD) obtained from sky radiometer measure-
ments, and the AAE obtained using both methods. We also report po-
tential sources of BrC using the atmospheric Lagrangian dispersion
model FLEXPART together with fire hotspots obtained from the Visible
Infrared Imaging Radiometer Suite (VIIRS) satellite product.

2. Materials and methods

2.1. Observation site

Atmospheric observations were conducted at the Fukue Atmo-
spheric Environment Observatory (32.75° N, 128.68° E, 75 m above
sea level) located on Fukue Island (326.43 km2) in western Japan facing
the East China Sea (Fig. 6), which is ca. 700–800 km to the east of the
Asian continent (Shandong and Jiangsu provinces, China). The observa-
tory is located on the northwestern rim of the island and is far (~23 km)
from the main town on the island. Local emissions from the island thus
have little effect on atmospheric observations. Under the effect of the
East Asian Monsoon, the island is seasonally affected by the Asian out-
flow in winter and spring under westerly winds (Fig. S1), in which air
pollutants were brought about (Ikeda et al., 2014; Kanaya et al., 2016;
Kanaya et al., 2020; Miyakawa et al., 2019; Miyakawa et al., 2017;
Takami et al., 2005).

2.2. Filter-based observations

Ambient PM2.5 samples were collected using a continuous PM2.5

mass and elemental concentration monitor (PX375, Horiba Ltd., Kyoto,
Japan), which was deployed for the observation of particulate matter
and elemental composition (Asano et al., 2017). In this study, we
focus on the light-absorption properties of BrC and use the monitor
only as an air sampler. A cyclone inlet (URG-2000-30EH, URG, Co.,
Chapel Hill, NC, USA) was installed in front of the sampler to collect
PM2.5 aerosols. Automatic sample collection was conducted at a flow
rate of 16.7 L min–1 for 4 h for each sample from March 1 to July 30,
2018. A rolling-type filter (polytetrafluoroethylene filter + non-
woven fabric, TFH-01 L, 40 mm × 21 m, Horiba, Ltd., Japan) was used
to collect particles on a spotwith a diameter of ~10mm for eachmoving
step. The uncollected region of the filter part was used as the field blank.
Two spots collected during daytime (8:00–12:00 and 12:00–16:00 local
time, LT) on a day were integrated as one sample. A total of 45 samples
and three field blanks were selected for light absorption analyses. After
collection, the samples were separated and stored at approximately –
20 °C before analysis. Samples were handled within clean booth follow-
ing relative procedures when analyzing organic molecular compounds
in aerosols (Zhu et al., 2015a).

Previous studies on proper solvents for the effective extraction of
BrC on filters indicated that the extraction efficiency is much higher
when using methanol than when using water (Cheng et al., 2016; Xie
et al., 2020; Zeng et al., 2020), although some fraction of BrC is insoluble
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inmethanol (Bai et al., 2020).We thus usedmethanol for extraction. For
each sample, the filter spots were cut and extracted using 10 mLmeth-
anol (HPLC grade, FujifilmWako Corp., Japan) under ultrasonication for
30min with brief intermittent manual shaking of the extraction vial. To
remove BC and other relatively large particles such as dust that might
interfere with the light absorption measurement of BrC, the extracts
were then filtered through a syringe filter with a diameter of 13 mm
and pore size of 0.2 μm(polytetrafluoroethylene for organics, Shimadzu
Ltd., Japan). Although BC particles smaller than 0.2 μm could pass
through the syringe filter, we found that there was no relation between
the BC concentration and light absorption of extracts at wavelengths
longer than 700 nm, indicating that the fraction of BC in the solvent
makes a negligible contribution to the subsequently obtained light
absorption.

The light absorption of the extracts was then measured using a
ultraviolet–visible spectrometer (U-2910, Hitachi Ltd., Japan) over the
wavelength range of 200–900 nm with a resolution of 1 nm. The ob-
tained liquid-phase absorption (Aλ) was corrected for instrumental de-
tection bias by subtracting the mean absorption at 795–805 nm and for
the field blanks. The corresponding Absλ of BrC was calculated using Aλ
in the ultraviolet–visible light region (300–600 nm) as

Absλ ¼ Aλ � Vl

Va � L
ln 10ð Þ, ð1Þ

where Vl (m3) is the volume (10mL) ofmethanol used for extraction, Va
is the volume of sampled air (1 m3 h–1 by 8 h for two spots in a daily
sample), L is the optical path length (0.01 m), and the factor ln (10) is
used to convert to the natural log for consistency with the atmospheric
conditions (Hecobian et al., 2010; Xie et al., 2019). A typical curve of Abs
of the methanol extract in the wavelength range of 300–600 nm is
shown forMarch 2, 2018 in Fig. 1a. The figure shows that Abs had a clear
wavelength dependence with higher absorbances at shorter wave-
lengths. Abs at a wavelength of 365 nm (Abs365, mean value of
361–370 nm) was used as a representative light-absorption coefficient
for BrC.

The dependency of BrC light absorption on thewavelength based on
the filter extraction method, AAEBrC-filter, is determined as the slope of
the linear fit of log10 (Absλ) versus log10 (λ). This study estimates
AAEBrC-filter in the wavelength range of 340–500 nm.

2.3. Ground remote-sensing observations

Ground-based remote-sensing observations of aerosol optical prop-
erties were conducted using a sky radiometer, which was integrated
Fig. 1. Example light-absorption properties of BrC showing a dependenceonwavelength, evalua
March 2, 2018 and (b) the AAOD derived from sky radiometer observations made on January

3

with the SKYNET observation network (Nakajima et al., 2020;
Nakajima et al., 2007; Takamura, 2004). The aerosol optical depth
(AOD), single-scattering albedo (SSA), Angstrom exponent (AE), vol-
ume size distribution, and refractive index were retrieved at 340, 380,
400, 500, 675, and 870 nm in 2018, using the sky radiometer analysis
package of the Center for Environmental Remote Sensing (SR-CEReS)
version 1 (Irie et al., 2019; Mok et al., 2018). As the main program,
SKYRAD.pack version 5 is implemented in SR-CEReS to retrieve aerosol
properties (Hashimoto et al., 2012).

To reduce uncertainty, the retrieved data were first screened to keep
only those data flagged as being unaffected by cloud and having a solar
zenith angle of at least 50° and then screened to keep only those data for
which the SSAwas less than 0.95. The AOD and SSA data were screened
to keep only those larger than their uncertainties, which were assumed
as 0.01 and 0.05, respectively (Irie et al., 2019). The AAOD over the
whole column was then derived as

AAODλ ¼ AODλ � 1−SSAλð Þ: ð2Þ

This AAOD, however, incorporates contributions from all light-
absorbing particles. The corresponding AAE, denoted AAETotal-SKYNET,
was then estimated as the slope of the linear fit of log10 (AAODλ) versus
log10 (λ) in the wavelength range of 340–870 nm.

It is known that dust contributes to light absorption, especially at
short wavelengths (Khatri et al., 2010; Shin et al., 2019; Zhang and
Liao, 2016). Depending on the loading of dust, uncertainties are intro-
duced when estimating the AAOD from observations made with the
sky radiometer (Koike et al., 2014). Dust events were observed occa-
sionally in the city of Fukuoka adjacent to Fukue Island (~200 km
away) by the Japan Meteorological Agency. However, after the above-
mentioned data screening, only one event remained, on April 15–17,
2018, which is separately discussed in Section 3.2. For the remainder
of the study period, the contributions of dust to the AAOD are assumed
to be negligible. Thus, the AAOD can be assumed to be the summation of
the contributions of BrC and BC:

AAODλ ¼ AAODλ–BrC þ AAODλ–BC : ð3Þ

A typical example of AAOD attribution is shown in Fig. 1b. Light ab-
sorption atwavelengths longer than 700 nm is known to bemostly con-
tributed by BC (Kirchstetter et al., 2004). A common value of 1.0 for the
AAE of BC (AAEBC) has been used in fractionation studies of carbona-
ceous aerosols (Bond et al., 2013; Lu et al., 2015; Pani et al., 2021). In
this study, assuming a value of 1.0 for AAEBC and a negligible
ted as (a) the light-absorption coefficient ofmethanol extracts offilter samples collected on
20, 2018. The contributions of BrC were derived by assuming an AAE value of 1.0 for BC.
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contribution of BrC to AAOD870 nm, AAODλ–BC at wavelengths shorter
than 870 nm can be extrapolated as

AAODλ–BC ¼ AAOD870 nm � λ
870

� �–AAEBC
: ð4Þ

Summarizing Eqs. (3) and (4), AAODλ–BrC is written as

AAODλ–BrC ¼ AAODλ−AAOD870 nm � λ
870

� �–AAEBC
: ð5Þ

The AAE contributed solely by BrC obtained by the sky radiometer
(AAEBrC-SKYNET) is then determined as the slope of the linear fit of
log10 (AAODλ–BrC) versus log10 (λ) in the wavelength range of
340–500 nm. To further reduce uncertainty, light-absorption properties
based on sky radiometer observations were calculated as daily means
for the period 9:00–15:00 LT (Irie et al., 2019).

2.4. Observation of BC

Atmospheric BC was co-investigated with BrC. The BC was observed
using two filter-based instruments, namely a continuous soot monitor-
ing system (COSMOS, model 3130, Kanomax Japan, Inc., Osaka, Japan)
having a cross section of 10 m2 g–1 at a wavelength of 565 nm and a
multi-angle absorption photometer (MAAP,model 5012; ThermoFisher
Scientific, Waltham, Massachusetts, USA) having a cross section of 6.6
m2 g–1 at a wavelength of 639 nm. The BC derived by these two instru-
mentswell agreeswith values obtained using a single-particle soot pho-
tometer (SP2, Droplet Measurement Technologies, Boulder, CO, USA)
and thermal optical transmittance analyzer (Sunset Laboratory, Tigard,
OR, USA) (Kondo et al., 2011). Thus, the effect of BrC on the observations
of BC can be ignored. We used the arithmetic mean of the BC level
observed by the two instruments; this approach was validated by sys-
tematic uncertainty and random uncertainty of ±14% and ±17%,
respectively (Kanaya et al., 2020).

2.5. Atmospheric transport model and fire hotspots

For a high-BrC event, the footprints of air masses were evaluated
using the FLEXPART Lagrangian particle dispersion model (Grythe
et al., 2017; Stohl et al., 2005; Stohl et al., 1998). FLEXPART version
10.4 was run as a backwardmodel in which the potential emission sen-
sitivity of the receptor point, expressed as the residence time (s) in each
cell, is calculated (Seibert and Frank, 2004). Meteorological data from
the European Centre for Medium-Range Weather Forecasts were
Fig. 2. Light-absorption coefficient of BrC at 365 nm (means values for wavelengths of 360–370
plots show Abs365 nm quantified in March–July and hourly BC in the daytime (9:00–15:00 LT
coefficient as the data follow non-normal distribution.
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operationally reanalyzed to a time resolution of 3 h at a spatial resolu-
tion of 1° × 1°with 61 vertical levels as input. During simulation, the set-
tings regarding dry deposition andwet scavengingwere parameterized
following the settings of BC, as BrC has source fractions similar to those
of BC and it is difficult to fully account for the hygroscopic properties of
BrC. VIIRS 375 m active fire product data were used to evaluate the in-
tensity of the open burning of biomass during the study period
(Schroeder et al., 2014). Only fire hotspot data with a high level of con-
fidence associated with a saturated temperature anomaly were used,
and those for vegetation burning sources were kept. The fire radiative
power at each of the hotspots was used to indicate the fire strength.

3. Results and discussion

3.1. Filter-based BrC light absorption

The light-absorption property of BrC, Abs365, co-varied with BC in
March–July 2018 (Fig. 2a), with a significant Spearman correlation
(rs = 0.61, p < 0.0001) (Fig. 2b). Such a result indicates that BrC and
BC have similar source regions and sectors. Abs365 lay in the range of
0.01–1.62 Mm–1 and had a mean ± standard deviation of 0.58 ±
0.43 Mm–1 (Fig. 2a). This result is in accordance with the result of a
field study (mean value of 0.52 Mm–1) carried out at a site similarly
being far from anthropogenic pollution sources, in the southeastern
United States (Xie et al., 2019). In contrast, Abs365 on Fukue Island in
this study is one order of magnitude lower than values observed in
the upper flow region at urban sites close to anthropogenic sources in
Beijing (7.10 Mm–1 in winter 2011) and Nanjing (7.13 Mm–1 in spring
2018), China (Cheng et al., 2016; Xie et al., 2020).Moreover, our estima-
tion is 1.5–2 orders of magnitude lower thanmeasurementsmade close
to the sources of urban emissions in Athens, Greece (annual mean,
15 Mm–1) (Liakakou et al., 2020) and those made close to the sources
of agricultural burning and forest fires in Thailand (Pani et al., 2021),
both of which were estimated using an aethalometer. Higher BrC
Abs365 levels are observed close to BrC emission sources, while the
values reported in thiswork provide a reference for general BrC features
in the outflow region of the Asian continent.

3.2. Aerosol light-absorption parameters obtained with the sky radiometer

Temporal variations in the AOD, SSA, and AE along with calculated
AAOD and AAE retrieved from sky radiometer observations in 2018
are shown in Fig. 3. A mean AAOD of 0.09 ± 0.04 at a wavelength of
340 nm was estimated for spring, along with identifiable high-AAOD
events. Meanwhile, the mean value of AAETotal-SKYNET in spring (1.81 ±
nm, Abs365 nm) and BC at Fukue in 2018: (a) temporal variations and (b) correlations. The
). The dotted line shows the linear relations, while rs represents Spearman correlation



Fig. 3. Temporal variations in aerosol light absorption parameters based on SKYNET ground remote-sensing observations made in 2018. Daily means (9:00–15:00 LT) of the AOD, SSA,
AAOD, AE, and AAETotal-SKYNET are shown. Note that AAETotal-SKYNET was estimated for the wavelength range of 340–870 nm and incorporates contributions from all particle types in the
vertical air column, such as BrC, BC, and dust. Typical events of BrC on March 28–30 and dust on April 12–15 are indicated by black and red arrows, respectively.

Fig. 4.Volume size distribution in an Asian dust event (April 15, 2018) and high-BrC event
(March 28, 2018) as observed by a SKYNET sky radiometer.
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0.30) was 15% higher than the mean value over the whole year (1.53±
0.50). It is suggested that the Asian outflow, prevailing in spring, carries
light-absorbing aerosols to Fukue Island and the western North Pacific
region, a phenomenon that is also observed in Gosan, Korea (Kirillova
et al., 2014).

It is worth noting that the calculated AAOD and corresponding
AAETotal-SKYNET include contributions from light-absorbing particles
other than carbonaceous aerosols, such as those from dust. As an
example, a transboundary dust event was observed on April 15–17,
2018 in a broad region of western Japan by the Japan Meteorological
Agency. Meanwhile, a very low AE of 0.20–0.23 was estimated on
April 12–15, 2018, along with a prevalent distribution of coarse
mode particles (Fig. 4). Low AE values have frequently been associ-
ated with a large fraction of coarse particles (Dey et al., 2004;
Gkikas et al., 2016; Gkikas et al., 2021; Tafuro et al., 2006). Although
relatively high AOD and AAOD were observed at the same time, it is
likely that they were due to a dust event. An AE value of 0.38 has
been estimated for Gosan, Korea in April 2001 in the case of a typical
dust event arriving from the Asian continent (Kim et al., 2005).
When estimating the AAE of BrC (AAESKYNET) in the present study,
data for days with an AE lower than 0.38 were screened out to
eliminate the effect of dust.
5



Fig. 5. AAEBrC-filter and AAE BrC-SKYNET contributed solely by BrC estimated for the wavelength range of 340–500 nm: (a) temporal variations in March–July 2018 and (b) correlations. The
error bars in panel (b) are estimated by assuming that AAEBC has a range of 0.8–1.4. The dotted line shows the linear relations in panel (b), while rs represents Spearman correlation
coefficient as the data follow non-normal distribution.

Fig. 6. Footprint of a typical high-BrC event calculated using the FLEXPART residence time
duringMarch 20–29, 2018. VIIRS fire hotspots alongwith fire radiative power in the same
period are shown as circles. Only high-confidence VIIRS fire data for the burning of
vegetation are shown. The location of the Fukue Atmospheric Environment Observatory
(32.75° N, 128.68° E, 75 m above sea level) is marked as triangle. Light absorption
properties of BrC based on both filter samples and ground remote-sensing observations
were conducted at the same location.
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3.3. Comparison of the light absorptions obtained in filter and sky
radiometer measurements

AAEBrC-filter had a variation consistent with that of AAEBrC-SKYNET
(Fig. 5). This agreement results from the strict screening of SKYNET re-
trieved data, with the potential effects of dust and other uncertainties
during measurement largely being eliminated. Interestingly, AAEBrC-filter
is 33% higher than AAEBrC-SKYNET. This difference might relate primarily
to the nature of the evaluation methods. AAEBrC-filter reflects the wave-
length dependence of particle absorption near the ground while
AAEBrC-SKYNET incorporates that in the whole atmospheric vertical col-
umn. If particles with less light-absorbing potential at shorter wave-
lengths are dominant in higher layers of the column, AAEBrC-SKYNET
lower than AAEBrC-filter would be estimated.

The difference between AAEBrC-filter and AAEBrC-SKYNET might also
be attributed to the assumption that AAEBC = 1.0 when estimating
AAE BrC-SKYNET. AAEBC varies in the range of 0.8–1.4 depending on the
source section, particle size, and mixing state (Bond et al., 2013; Lu
et al., 2015; Pani et al., 2021). If the plume detected by the sky radiom-
eter contains BC with an AAE lower than 1.0, then AAESKYNET would be
underestimated. A recent study obtained a typical AAE value of 0.90, in-
stead of 1.0, for aged BC (Liu et al., 2018). Considering a typical air-mass
time of travel from the Asian continent to Fukue Island of 40 h during
October to May (Kanaya et al., 2016), the real AAE of BC in the atmo-
spheric vertical column might be lower than 1.0. In considering aerosol
fractions other than BC, BrC and dust, it is noted that ammonium
sulfate-like components and aerosol water having large volume frac-
tions (Li et al., 2013) contribute to the AOD and SSA and hence
AAETotal-SKYNET, and they may introduce uncertainties in the evaluation
of AAE BrC-SKYNET.

Meanwhile, AAE BrC-filter was estimated on the basis of PM2.5 sample
collection whereas AAE BrC-SKYNET was estimated for the whole particle
size range. Even though a data screen scheme was applied to sky radi-
ometer data to reduce the effect of coarse particles by applying a thresh-
old to the AE, it is still possible that coarse particles with low light-
absorption potentials exist in the column; e.g., those mixing with BC
with relatively small absorption capability (Choi et al., 2016). However,
the results support the validity of sky radiometer data while suggesting
that there is space for improving the correspondence to the surface
value.

3.4. High-BrC event

A high-BrC event was identified with elevations of light-absorbing
properties in the period March 28–30, 2018. During this event, high
6

levels of average Abs (0.80 Mm–1, >70% percentile level for March–
July, same for the following), AAOD340nm (0.12), AAEBrC-filter (7.29), and
AAEBrC-SKYNET (7.58) were observed, along with a high BC concentration
(0.46 μg m–3). Meanwhile, the volume size distribution had a fine aero-
sol size prevalence peaking at <1 μm for the event (Fig. 4). The air mass
footprint of Fukue Island during this event originated from the North
China Plain, where emissions from anthropogenic sources, such as the
domestic burning of biomass and biofuels and fossil-fuel combustion,
are discernable (Fig. 6). Meanwhile, fire hotspots were also observed
in the region. These results suggest that besides anthropogenic emis-
sions, open biomass burning on the North China Plain is an important
source of high BrC in the outflow region. It has been reported that
open burning on agricultural lands in China has reduced drastically
since 2014 (Yin et al., 2021). However, the results of this study indicate
that open burning in the spring of 2018 persisted as a source of BrC
aerosols. This could relate to the sporadic burning of agricultural
waste to clear land for spring planting, which is a main agricultural ac-
tivity in the region (Liu et al., 2015; Zhang et al., 2008). As the next
step, further investigations would be placed to track more evidence of
BrC sources, such as using molecular organic tracers of anthropogenic
sources and biomass burning.
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4. Conclusions

We evaluated the light-absorption properties of BrC on Fukue Island
through aerosol filter sampling followed by laboratory quantifications.
The light-absorption coefficient of BrC co-varied with BC, indicating
that BrC and BC had similar source regions and sectors. The light-
absorption properties of BrC were also evaluated on the basis of sky ra-
diometer observations following a strict data screening procedure.
Correspondingly, AAEBrC-filter and AAEBrC-SKYNET of BrC had a positively
linear correlation, while AAEfilterwas 33% higher than AAESKYNET. This re-
sult shows that light-absorption properties obtained from sky radiome-
ter observations can be converted to surface values. In the future, it is
recommended to investigate the vertical distributions of aerosol light
absorption properties along with size ranges. A high-BrC event on
March 28–30, 2018 was identified, where air masses originated from
the North China Plain with discernable open biomass burning. The re-
sults of the study clarify the dynamics and sources of BrC in East Asia.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.149155.
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