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ABSTRACT: Brown carbon aerosols (BrC) significantly contribute to
regional climate warming in East Asia. However, their sources and
atmospheric transformation remain poorly constrained due to limited
observations. In this study, we clarified the seasonal dynamics of BrC and
quantified the sources of relating carbonaceous components, at the gateway
of the East Asian air outflow for seasonal variations. Our findings reveal that
fossil fuel combustion dominates the sources of BrC containing carbonaceous
components in winter, while biomass burning and local biogenic sources
become more prominent in spring and summer, respectively. We provide
benchmark optical properties of BrC for climate model simulations,
demonstrating that the absorption coefficient and mass absorption cross-
section of water-soluble fraction from land-originated air masses (0.47 Mm-!
and 0.53 m?2 gC-1, respectively) are more than twice those of sea-originated
air masses (0.11 Mm-! and 0.21 m? gC-1, respectively). Additionally, we show
that BrC undergoes photochemical degradation during transport with a half-
life of approximately 1.2 days. A significant reduction in BrC levels during the
COVID-19 lockdown period highlights the potential of stringent emission
controls to mitigate air pollution and its associated climate impacts. By
shedding light on the seasonal dynamics, diverse sources, and atmospheric
ageing of BrC, the study provides valuable insights for emission reduction

strategies and improving BrC representation in climate models.
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SYNOPSIS: Sources and atmospheric transformation of brown carbon
aerosols are less studied. This work clarified the effects of varying seasonal
sources and ageing processes on brown carbon aerosols, providing

benchmark optical properties for climate models.

1. INTRODUCTION

Brown carbon aerosols (BrC) are an important yet poorly understood
component of atmospheric aerosols that contribute significantly to global
warming through the absorption of visible and ultraviolet light.14# BrC
accounts for approximately one-quarter of the radiative forcing by
carbonaceous aerosols, with a global radiative forcing range of 0.1-0.6 W
m-2.57 While legislative efforts to reduce anthropogenic emissions have been
implemented globally,®12 the radiative influence of carbonaceous aerosols,
including BrC, has paradoxically increased over the past two decades.!3 This
trend suggests that BrC’s warming potential is underestimated in current
radiative transfer models, which are crucial for predicting future climate

scenarios.14-17

The optical properties of BrC vary substantially by region and season,

influenced by differences in source composition, atmospheric condition, and
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photochemical ageing processes.!’-21 Fossil fuel combustion and biomass
burning are recognized as dominant sources of BrC,22-24 but secondary BrC
formation from atmospheric reactions is increasingly relevant, particularly in
densely populated cities in the lower-latitude northern hemisphere, often
relating to photoenhancement.202526 Photochemical degradation, or
photobleaching, further complicates BrC’s climatic effects, as the rate of

optical decay depends on complex atmospheric conditions.1827-29

East Asia, a region characterized by intense anthropogenic activity, is a
major source of BrC aerosols. Emission control policies in China, such as the
Action Plan on the Prevention and Control of Air Pollution, have significantly
reduced carbonaceous aerosol emissions since 2010.30-32 However, these
reductions are partially offset by contributions from biogenic sources and
secondary BrC formation.33.3% Additional sources, such as crop residue
burning in China and forest fires in Russia,3536 further complicate the BrC
budget. The anticipated increase in wildfires in Asia under future climate
scenarios underscore the urgent need to quantify the temporal variability and

source-specific contributions of BrC in this region.35.37

While recent observational studies have characterized BrC in urban and
industrial zones,2! 29, 38 there is still limited data on BrC properties in the
East Asian outflow region,* where aerosols undergo long-range transport and
atmospheric transformation before impacting regional and global

climate.1819.29 Addressing this gap, this study focuses on BrC aerosols at
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Fukue Island, a remote site in Japan situated at the gateway of the East Asian
outflow. By combining optical measurements, molecular tracers, atmospheric
transport model and radiocarbon analysis, we aim to: (1) Characterize the
seasonal variations in BrC light-absorption properties; (2) Investigate the
effects of atmospheric transport and photochemical ageing on BrC; (3)
Quantify the source contributions to BrC containing carbonaceous
components; and (4) Provide recommendations for incorporating BrC
dynamics into climate models. Water-soluble BrC fraction was targeted for
(2) to compare with previous studies. Through these analyses, this study
seeks to enhance our understanding of BrC processes in the East Asian

outflow and their implications for regional and global climate.

2. MATERIALS AND METHODS

2.1 Observation site and sample collection

Observations were conducted at the Fukue Atmospheric Environment
Observatory (32.75° N, 128.68° E, 80 m above sea level) on Fukue Island
(326.43 km?), a remote site in western Japan. The observatory, located on the
northwestern rim of the island and approximately 23 km from the main town,
minimizes the influence of local anthropogenic emissions. PM; 5 samples
were collected between November 2019 and November 2020 at 5-day
intervals on the rooftop of the observatory (~3.5 m above ground level).
Aerosol particles were collected using a high-volume air sampler (Model

120SL, Kimoto Electric Ltd., Osaka, Japan) equipped with a single-stage
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cascade impactor (TE-231, Tisch Environmental Inc., Cleves, Ohio, USA). The
PM,;, 5 fraction was captured on quartz fiber filters (2500QAT-UP, 8 inch x 10
inch, Cytiva, Washington D.C., USA) under an airflow rate of 1.13 m3 min-1,
while coarse particles (> 2.5 pm) were removed using stripped filters (TE-
230QZ, Tisch Environmental Inc., Cleves, Ohio, USA). Filters were preheated
at 900 °C for 3 hours before use and stored at -20 °C after collection to
prevent contamination and degradation. Field blanks, collected every 2
months following the same procedures without operating the sampler pump,
were used for quality control. A total of 71 samples and 6 field blanks were

collected.

2.2 Quantification of carbonaceous components

Total carbon (TC), including elemental carbon (EC) and organic carbon
(OC), were quantified using a thermal-optical transmittance method with a
carbon analyzer (Sunset Laboratory Inc., USA),3? following the Interagency
Monitoring Protected Visual Environments thermal evolution protocol. The
analytical error in replicate analyses was within 8%. Sample data were
corrected for field blanks, which contained OC levels of < 5% of the samples.
Water soluble organic carbon (WSOC) was measured using a carbon/nitrogen
analyzer (TOC-V¢sy, Shimadzu Corp., Kyoto, Japan). Methanol-soluble
organic carbon (MSOC) was determined to evaluate BrC that including both
water-soluble and water-insoluble components. A portion of the aerosol filter

(5.5 cm X 4.45 cm) was extracted with 20 ml of methanol under static
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conditions for 30 minutes, followed by drying in a well-ventilated clean draft
for 2 hours. The residue, methanol insoluble organic carbon (MIOC), was
analyzed using the same carbon analyzer. MSOC was calculated as the
difference between OC and MIOC. To investigate the uncertainty, we
compared MIOC and OC for 6 field blank filters collected spanning the study
period (November 14, 2019, January 13, 2020, March 23, 2020, June 12,
2020, August 16, 2020, and October 15, 2020). The mean MIOC was
quantified as 0.0065 + 0.0012 pg m=3, assuming a mean samplig air volume
of 8000 m3 , which is close to the real condition. This MIOC level was much
lower than the mean total OC of 0.1243 + 0.0618 g m-3 for the same field
blanks. Such results indicated that there is negligible methanol remaining in

the filter after 2 hour drying.

2.3 Light absorption analyses

BrC light absorption was analyzed using both water and methanol extracts
due to ongoing debates regarding solvent efficiency.>40.41 Methanol is known
to extract BrC more effectively, but may overestimate absorption due to
significant extinction caused by suspended insoluble particles in the extracts,
a phenomenon not observed in water extracts.#2 Meanwhile, methanol can
extract more light-absorbing chromophores, but also includes water-soluble
compounds, potentially leading to overlap between the fractions. In this
study, methanol and water extractions were performed on separate filter

punches to preserve sample integrity for different analyses, rather than using
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a sequential extraction approach (water followed by methanol). While this
limits full isolation of water-insoluble BrC, it avoids potential cross-
contamination during sequential extractions. For comparison, water-based
results were emphasized to align with previous studies. Filter sections (2 cm?)
were extracted in 40 ml of ultrapure water or methanol under ultrasonication
for 15 min, with intermittent manual shaking. Extracts were filtered through
0.20 pm syringe filters (Millex-LG for water extraction and Millex-FG for
methanol extraction, Merck KGaA, Darmstadt, Germany). This filtration could
remove most suspended insoluble particles, including black carbon (BC),
which may cause overestimated absorption as described above. With this
protocol, we confirmed that the light absorption by BC was negligible as

shown by the relationship with BC concentration beyond 700 nm (Fig. S1).

Absorption spectra were measured using a spectrophotometer (U-2910,
Hitachi Inc., Tokyo, Japan) over 210-880 nm at 1 nm resolution. Absorption
coefficients (Abs) were calculated from liquid-phase absorption and the
sampled air volume (8000-8500 m3).43 Abs at 365 nm (Abszgs, mean value of
361-370 nm) was used as a representative metric for BrC light-absorption.
The absorption Angstrom exponent (AAE), quantifying wavelength
dependency, was determined from the slope of Ln (Abs) versus Ln ([J) over
340-500 nm. The mass absorption cross-section (MAC), representing light
absorption per unit mass of BrC, was calculated as the ratio of Abssgs with

the OC mass extracted with water (MAC3g5.wsoc) or methanol (MAC3g5-Ms00).
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2.4 Estimation of photobleaching rate

Photobleaching rate of BrC was quantified by fitting MACs65.wsoc as a

function of atmospheric transport time using the equation:18.44

MAC365-wsoc = a + Hle % (1)

where k is the first-order photobleaching rate (day!), £ (day) is the mean
transport time (days) from the Asian continent to Fukue. Although BrC is not
always exposed to light during transport, £ is a good index to show the
potential of light exposure for the ambient atmosphere. a represents the
regional background MAC, and b is the initial MAC before transport.
Transport times were estimated using the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model,4> and half-life was calculated as Ln
(2)/k. The model was applied separately for China-dominated and all land-

origin footprints.

2.5 Molecular tracer analysis

Organic tracers were analyzed wusing gas chromatography/mass
spectrometry (GC/MS).46-49 Briefly, filter sections (~ 10 cm?2) were extracted
three times with dichloromethane/methanol (2:1, v/v) under ultrasonication.
Extracts were concentrated, derivatized with N, O-bis-(trimethylsilyl)
trifluoroacetamide, and quantified using an Agilent 7890A GC equipped with
an HP-5 ms capillary column (30 m X 0.25 mm X 0.25 mm) and an Agilent

5975C mass-selective detector. Mass concentrations of organic compounds
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were determined by comparing the response of the peak area relative to those
of the authentic standards. Internal standards ensured recoveries > 80%, and
analytical errors < 15%. No peak for the reported organic compounds was

found in the field and laboratory blanks.

2.6 Source apportionment via PMF

Source contributions to WSOC throughout the year were assessed using the
Positive Matrix Factorization (PMF) model (version 5.0).20 The attributed
sources were then investigated for the relations with BrC light absorption.
Input variables included 21 organic tracers, 3 carbonaceous components
(WSOC, WIOC and EC), and 8 water-soluble ions (Fig. S2). OC was designated
as the total variable for PMF simulation, with uncertainties set to 10% for
carbonaceous components and ions, and 20% for organic tracers. A total
factor number of 4 to 7 was evaluated, and factor number 6 was selected as
it provided the clearest separation of sources and minimized residuals (Fig.
S2). Diagnostics of the final model showed low residuals (<10% for most
variables), and the derived factor profiles matched known source
characteristics. This factorization encompassed sources from fossil fuel
combustion, biomass burning, the surrounding sea, primary biological
emissions, biogenic secondary sources, and other fractions. The term primary
biological emissions here refer to particles emitted directly from leaves, plant
debris, pollen and fungal spores, following the jargon usage manner in the

community. For a total of 20 base runs, 18 of them were converged and the

10
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one with the lowest Q-value (goodness-of-fit metric) was selected. Seasonal
variations in factor contributions aligned with expected patterns, such as
increased biomass burning in spring and dominant fossil fuel contributions in
winter, further validating the solution. The tracer method along with the PMF
model was also applied to OC in an intensive Asian outflow period (January
to April 2020), whose results were validated using the isotopic method based

on radiocarbon analyses.
2.7 Isotopic source attribution

Radiocarbon (14C) analysis was used to quantify fossil and non-fossil
contributions to OC in aerosols collected from January to April 2020, to
validate the PMF method for source apportionment. The rationale of this
analysis is to infer information relating to WSOC and BrC.18.19.51 [n a similar
manner, Kirillova et al. and Fang et al. observed that 4C-derived fossil
fractions of WSOC and OC were similar in outflow regions from East Asia,18:19
while Miyakawa et al. reported good consistency between the carbonaceous
fractions.”? The methodology relies on distinguishing fossil-derived carbon
(absent in !4C) from modern biogenic sources using accelerator mass
spectrometry.253 Detailed analytical procedures and calculations are
provided in the supporting information (Text SI1). The fractionation
contributions of fossil fuel (fr,ssi)) and non-fossil fuel (1 - fryssi) sources to the

measured abundance of 14C in the sample (A4C) was expressed as:

A14C (%0) = A14Cfossilffossil + A14Cnon-fossil(1 - ffossil) (2)

11
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where Al4Cs.sqi is defined as -1 (as fossil carbon lacks 14C) and ACpon-fossil
is 181.6%o0 representing biomass burning in East Asia (Text SI1 for the

detailed calculations).54-56

TC was partitioned into fossil (TCgssii = TC X frossi)) @and non-fossil fractions
(TChon-fossil = TC - TCrossi1). Empirical ratios of levoglucosan to EC and OC near
sources were applied to calculate biomass burning contributions (ECy, and
OCyy).22:57.58 Residual non-fossil OC after biomass burning contributions was

attributed to biogenic sources and secondary formation (OCqp).

2.8 Footprint analyses

The footprint of the Fukue observatory was simulated using the FLEXPART
Lagrangian particle dispersion model (version 10.4).59-61 which calculates the
potential emission sensitivity of a receptor site by estimating BrC residence
time in each 1[] x 1[] grid. FLEXPART was operated in backward mode to
determine the source regions of air masses affecting the observatory.
Meteorological data from the NCEP FNL dataset was used as input, with a 3-
hour temporal resolution, a 1[] X 1[] spatial resolution, and 61 vertical levels.
The model parameterized BrC ageing with a half-life of 1.20 days, as
evaluated in this study, simplifying the combined processes of secondary
production and ageing into a linear process. The BrC’s half-life had a mean
standard deviation of 0.26 days, however the sensitivity test indicated that
the simulated residence time and the dominant footprint country did not show

significant biases. Wet scavenging and dry deposition were incorporated

12



260

265

270

275

using the latest available scheme, where the efficiency of aerosols to serve as
cloud condensation nuclei and ice nuclei were as 0.90 and 0.10,
respectively.62 The particle size was set as 0.40 pm, consistent with

measurements of organic-dominated aerosol compositions at the site.63

For each 5-day sampling period, the footprint was simulated over a total of
10 days, including the sampling period and an additional 5 days backward in
time. This approach ensured comprehensive coverage of source regions
contributing to the observed BrC at Fukue. The accumulated residence time
was calculated over each grid and summed these values by country. A region
was defined as a “dominant footprint” if its fractional contribution exceeded
the 75th percentile of its annual distribution (e.g., >26.5% for China). This
method allowed us to classify air masses as China-, Korea-, Japan-, or Sea-
dominated for each sampling period. A full description and thresholds are

provided in SI Text ST2.

Validation of FLEXPART simulations was conducted by comparing the
modeled footprints with backward trajectories generated using the HYSPLIT
model. This comparison confirmed consistency between the two methods,
providing confidence in the simulation results. Additionally, prior simulations
of black carbon in East Asia demonstrated FLEXPART’s ability to reproduce
surface observations (Pearson correlation coefficient 2 = 0.72, RMSE = 0.76
pg m3), where uncertainties were primarily influenced by emission

inventories. 6! In this work, the simulated footprint with high potential

13
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emission sensitivity was passed by the backward trajectories simulated by
HYSPLIT. Based on these evaluations, uncertainties in the simulated

footprints affecting BrC at Fukue were deemed insignificant.

It should be noted that FLEXPART does not explicitly simulate in-plume
chemical transformation, secondary BrC formation, or dynamic aerosol
mixing processes. Additionally, the use of relatively coarse meteorological
input (FNL, 1[] resolution) may introduce uncertainties in boundary layer
height and vertical transport, especially in complex terrain or under
convective conditions. In future studies, the use of chemical transport models
such as WRF-Chem or GEOS-Chem may offer more detailed treatment of BrC
sources, transformation, and radiative effects, including interactive
chemistry and meteorology. Nonetheless, FLEXPART remains a widely used
and practical tool for receptor-oriented footprint analysis, especially when

combined with high-resolution observational datasets as in this study.

3. RESULTS

3.1 Seasonal variations in BrC absorption properties

3.1.1 General features. The seasonal variation of light-absorption
properties of BrC aerosols was analyzed using water- (WSOC) and methanol-
based (MSOC) solvents, focusing on Abs, MAC, and AAE (Fig. 1a). FLEXPART
simulations revealed distinct seasonal shifts in BrC source regions, with

continental influences dominating in winter and maritime influences in

14
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summer (Fig. S3, Text SI2). Both Abssgs-wsoc and Absszes.msoc peaked in

winter (0.58 + 0.25 Mm™! and 0.75 + 0.27 Mm!, respectively) and reached

their lowest values in summer (Table 1), consistent with carbonaceous

aerosol component variations (Text SI3, Fig. S4). These seasonal shifts reflect

the direction change of the East Asian monsoon, where the site is mainly

affected by continental emissions from fossil fuel combustion and biomass

burning in winter to spring,435! and more influenced by local biogenic

sources during summer.64.65
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Figure 1. Light absorption properties of BrC observed at Fukue Island.

(a) Temporal variations of Abs3gs, MAC365, and AAE (340-500 nm) for water

and methanol extracts. Inverted triangles indicate the dominant footprint
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country (FLEXPART model). (b-c) Relationships between (b) Abs3gs-wsoc and
Ab8365-Msoc and (C) MAC365-WSQC and MAC365-Msoc. Mean values for land-
originated footprints (fraction > 20%) and sea-originated footprints are

highlighted with large brown and navy cycles, respectively, with error bars

315 representing mean *+ 1g0.

A significant reduction in Abssgs (from 1.06 Mm-! to 0.22 Mm-1) was
observed in sample collected between February 13-18, 2020, continuing until
early April. This period coincided with the large-scale COVID-19 lockdown in
China (January 24 to March 25, 2020), which drastically curtailed

320 transportation and industrial emissions.3? FLEXPART simulations indicated
that China was the dominant footprint for approximately half this period (Fig.
la, Fig. S3). These findings align with reductions in BC and carbon monoxide
emissions during the lockdown,39.32 further supporting the impact of
stringent emission controls.

Table 1. Seasonal and source-specific mean light absorption properties.
Abssgs.  AbSsgs. MAC365 MAC365
Season/So Sample WSOC MSOC -WSoC -MSOC 340- AAE340.
urce size . . (m2gC- (m2gC- >00nm- 500nm-MSOC
(Mm-1) (Mm1) 1) 1 WSOC
Winter* 18 Yoas  oar oos  ore Coay 757069
R I L LG e F Rt
summer 18 OJE OZLE OZLe 036s 4 saruas
Autumn 14 026+ 041  036%  0.50% 5.87 £ 0.55 + .56

0.15 0.22 0.11 0.17 0.43

16



0.38 = 0.52 = 0.46 = 0.61 = 5.68 =

Annual 71 0.30 0.29 0.22 0.36 0.61 8.56 £ 1.93
Land- 047 = 0.60 = 0.53 = 0.62 = 5.78 =
originated 54 0.28 0.27 0.17 0.21 0.93 8.22 +1.62
Sea/local- 0.11 £ 0.27 + 0.21 £ 0.36 £ 5.36 +
originated 17 0.09 0.14 0.14 0.16 2.59 9.66 +£2.45
*: Winter is defined as December to February, with each subsequent season comprising
3 months.
325 The annual mean Abssgs.msoc was 1.35 times higher than Absses.wsoc (12 =

0.89, p < 0.001, Fig. 1b, Table 1), emphasizing the contribution of water-
insoluble BrC. In summer, Abssss.msoc consistently exceeded Abssgs-wsoc by
a factor of 2.6, suggesting that water-insoluble BrC emitted from local
vegetation or formed through secondary oxidation of volatile organic
330 compounds was major source. Seasonal MACs45 trends mirrored those of
Abssgs, with winter-spring highs and summer lows. In summer, MACj3g5-Ms0C
(0.56 = 0.64 m2 gC-1) was 2.7 times higher than MAC3g5.wsoc (0.21 + 0.14 m?
gC-1), further underscoring local contributions (e.g., 2 data points in upper-
left corner of Fig. 1c). AAE did not show significant seasonal variation,
335 however, AAEmsoc (8.56 £ 1.93) was consistently higher than AAEwsoc (5.68
+ 0.61), particularly during the biogenically active period from April to
October (Fig. 1a, Table 1). While previous studies pointed the existence of
biogenic sources in BrC emissions in populated cities, our study for the first
highlighted the importance of this source in the remote outflow

340 regions.29.33,66,67

3.1.2 Land- and sea-originated Absss;5; and MAC3s5 differences.

Significant differences in Abszgs and MAC3g5 were observed between air

17
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masses affected by continental and maritime sources (Fig. 1b-c). Air masses
predominantly originating from land (fraction of land footprint > 20%)
exhibited substantially higher Abssgs values (e.g., Abszgs.wsoc 0.47 = 0.28
Mm-1) compared to those from maritime and local biogenic sources (Abszgs.
wsoc 0.11 = 0.09 Mm-1). The local biogenic sources are emissions from
vegetation in the island, mainly covered by laurel forest and sporadically
scattered with crop land. The maritime sources could be related to emissions
from biogenic production in the ocean. Similarly, MAC3g5.wsoc for land-
originated air masses was 0.53 + 0.17 m2 gC-1, more than double the value
for sea-originated air masses (0.21 * 0.14 m?2 gC-!). Underscoring the
significant role of source regions in shaping BrC’s optical properties, these
findings agreed with previous studies showing the differences of light
absorption properties between those close to the emission sources in the
North China Plain and those in the outflow region. 18 19, 22-24 The pronounced
distinction in Abs3gs and MAC365 between land- and sea-originated air masses
provide critical insights for climate modeling. We suggest that these source-
specific optical properties to be incorporated into climate simulations,6.15.16
to achieve a more accurate representation of BrC’s regional and global

radiative impacts.

18
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Figure 2. Photobleaching of BrC indicated by the degradation of
MAC365-wsoc in the East Asian outflow. (a) Relationship between MACs3gs.
wsoc and air mass transport time from the Asian continent to Fukue Island.
Exponential fits of MACs3g5.wsoc as a function of transported time for land- (all
cycles) and China-dominated (red cycles) footprints are represented by black
and red lines, with dashed portions as extrapolations. (b) Representative
MAC365.wsoc values (gray circles, m? gC-1) across the East Asia region during
winter-spring outflow periods. The shaded area represents an example
footprint for December 19-24, 2019. In panel (a), the fitting was conducted
only based on observations at Fukue and the bars for Gosan and the North

China Plain represent the standard deviations of previous studies.
3.2 Photobleaching and transport processes

The behavior of MAC at Fukue was analyzed in the context of the East Asian
outflow, with a focus on the impact of continental airflow. We define
photochemical degradation of BrC as the decrease in light-absorbing ability

(e.g., MAC) during atmospheric transport, due to oxidative or photolytic

19
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transformation of chromophores. The exponential decay model in Eq. (1)
captures this effect, using transport time as a proxy for exposure. A clear
degradation of MACss5.wsoc was observed with increasing transport time
from the Asian continent (Fig. 2a). This trend was more pronounced for air
masses dominated by Chinese footprints (red filled cycles in Fig. 2a), which
were prevalent in winter to spring, with a mean MACs365.wsoc of 0.64 + 0.12
m?2 gC-1 (n=17). This value is approximately an order of magnitude lower than
those reported for the industrially intensive North China Plain, where MAC
ranged from 1.00 to 1.79 m? gC-! in winter and spring Fig. 2b, Table
S1).18,20,22-24,29,66 In other regions such as the Yangtze River Delta (1.10-1.65
m?2 gC-1) and Northeast China (1.21-1.44 m2 gC-1),18.20,26,68 MAC values were
similar to those in the North China Plain as being closely affected by the
emission sources. MAC degraded during transport, reaching 0.80-1.23 m?
gC-1 at Gosan,'819 another site between the Asian continent and Fukue.
These observations underscore the significant ageing process of BrC during

atmospheric transport.

To further quantifying photobleaching, the decay rate of BrC was evaluated.
For air masses dominated by Chinese footprints, the photobleaching rate was
calculated as 0.57 = 0.10 day!, corresponds to a half-life of BrC of 1.22 =+
0.26 days, and an extrapolated MAC3g5.wsoc at the China coast of 1.10 m2 gC-
1 (Fig. 2a, red line). This value aligns well with observations in the North
China Plain (Fig. 2b, Table S1).1822.232966 When considering all land-

dominated footprints, the photobleaching rate was slightly higher at 0.62 +
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0.11 day! (half-life 1.13 = 0.58 days), with an estimated MAC3¢5.wsoc at the
Asian continent of 1.18 + 0.67 m2 gC-! (Fig. 2a, black line). These rates are
higher than previous field-based estimate (0.24 + 0.10 day!) for the North
China Plain and Gosan,!8 suggesting potentially faster BrC ageing along
transport pathway to Fukue. This discrepancy may reflect differences in
chemical composition (e.g., higher fraction of photolabile organics), oxidant
levels, aerosol liquid water content, or solar exposure during transport.
Additionally, methodological differences, such as the derivation of MAC from
receptor-based rather than source-proximal measurements, may contribute
to the higher rates. Notably, the relatively stable MAC values reported for
fresh BrC from fossil fuel combustion in the North China Plain add confidence
to our back-extrapolation approach.®23.24,.2966 Future studies involving
simultaneous observations from the continent to the remote North Pacific
would provide deeper insights into the ageing processes of BrC and its

variability along transport pathways.
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Figure 3. Source apportionment of WSOC using organic tracers and
PMF model and relations with BrC absorption. (a) Temporal variation.
420 (b) annual mean WSOC source profiles. Pearson correlations between Abssgs.
wsoc and apportioned WSOC sources from (c) fossil fuel combustion in winter
and spring, (d) biomass burning in spring, summer and autumn, (e) primary
biological emissions, (f) secondary biogenic sources, (g) sea emissions, and
(h) other fractions. Dominant footprint regions for each sample are indicated

425 by colored triangles in panel (a) and in the same color in panels (c-h).
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3.3 Source apportionment of WSOC and relations with BrC

absorption

3.3.1 General features. The source contributions of WSOC were
quantified using PMF model. Among 21 organic tracers analyzed, four key
groups were identified: phthalic acids (fossil fuel combustion), levoglucosan
(biomass burning), glucose and mannitol (primary biological emissions), and
tracers of monoterpene and isoprene (biogenic secondary formation). These
tracers showed positive correlations with Abssss.wsoc depending on season
(Fig. S5). Annual contributions to WSOC were estimated as 30.2% from fossil
fuel combustion, 20.9% from biomass burning, and 16.2% from biogenic
sources (Fig. 3a-b). Additionally, 27.0% of WSOC remained unresolved, likely
arising from secondary formation from fossil fuel and biomass burning
emissions. Nitro-aromatic compounds, a major fraction of secondary BrC,
were likely formed via gas-phase photooxidation of toluene from fossil fuel
combustion,?6 which in turn may contribute to WSOC. Conversely, liquid-
phase reactions during biomass burning, such as the formation of imidazoles,
were more prominent.26.69 Marine contributions remained low throughout
the year (5.6% on average) but showed slight increases during two typhoon

events in October 2020 (Fig. 3a).

3.3.2 Seasonal variability in WSOC and related BrC sources. Sources
of WSOC exhibited clear seasonal patterns (Fig. 3a). Fossil fuel combustion

dominated in winter (January-February), while biomass burning peaked in
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late spring (March-April). Primary biological emissions were prominent in
early summer (mid-June to July), with secondary biogenic formation
becoming significant from June to September. In winter and spring, Abs3gs.
wsoc correlated strongly with fossil fuel combustion sources (r?2 = 0.76, p <
0.001, and r2 = 0.40, p < 0.01, respectively; Fig. 3c), highlighting the
influence of long-range transport from East Asia. Biomass burning sources
were most influential in spring (r2 = 0.75, p < 0.001; Fig. 3d), linked to open
fires and domestic burning in northern China.18.66.68.70 In summer, Abssgs.
wsoc correlated positively with both primary and secondary biogenic sources
(Fig. 3e-f). These results point to local vegetation from Fukue Island as a
significant BrC source in the season. In winter, Abssgs.wsoc co-varied with
secondary biogenic sources (Fig. 3f), likely driven by isoprene oxidation
products (Fig. S5f). 71 While fossil fuel emissions were the primary winter
source, local isoprene emissions and their subsequent oxidation may also
contribute, albeit to a lesser extent, given the subtropical climate and mean

air temperature of 7.6 °C in January.

3.3.3 Radiocarbon-Based Source Apportionment. The radiocarbon
results confirmed a dominant contribution of fossil fuel combustion in
January-February, followed by biomass burning in March-April to OC (Fig.
4a). These temporal patterns closely matched those derived from the tracer
method (Fig. 4b-d, S6). Specifically, radiocarbon analysis estimated the
contribution of biomass burning to OC at 19.0% (0.27 = 0.32 pg m-3), closely

aligned with the tracer method estimate of 15.9% (0.22 + 0.25 pg m-3, Fig.
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4b). Fossil fuel contributions were 26.0% (0.37 = 0.14 pg m=3) by the
radiocarbon method, slightly lower than the 38.2% (0.53 +* 0.38 pg m3)
estimated by the tracer method, likely due to the uncertainties relating to the
assumptions about the non-fossil radiocarbon fraction.18.51.52,54.72 Tt is worth
noting that adding to absorbing fractions, non-absorbing fractions also
contribute the apportioned total OC. Nevertheless, the results are inferable
for WSOC related BrC sources as earlier studies showed comparable 4C
signatures between OC and WSOC proxies in similar receptor settings.18.19.52
The remaining non-burning modern fraction, primarily from biogenic
sources, contributed 45.9% (tracer method, 0.64 + 0.30 ug m=3) to 55.0%
(radiocarbon method, 0.78 + 0.33 pg m=3) of OC. The low discrepancies
(3.1%-12.2%) between methods and their consistent temporal patterns affirm

the reliability of the evaluated OC source fractions.
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Figure 4. OC sources during the intensive East Asian outflow period.
(a) Temporal profiles of OC sources, and scatter plots of tracer- and isotope-
based contributions from (b) fossil fuel the combustion, (c) biomass burning
and (d) other fractions. The dominant footprint region for each sample is
marked with colored triangle in panel (a) and correspondingly colored data
points in panels (b-d). Horizontal error bars represent the 1o standard
deviation for each factor derived from the PMF model, while vertical error
bars indicate the range derived using the referential fraction of A14Cy;, as

reported by Fang et al. (2023).18

Moreover, while empirical ratios of levoglucosan to EC and OC from near-

source biomass burning were used to estimate biomass burning
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contributions, we recognize that these ratios can vary depending on fuel type,
combustion conditions, and atmospheric processing. Degradation of
levoglucosan during transport has been reported in prior studies, which could
lead to underestimation of biomass burning contributions. However, our
dataset did not indicate significant levoglucosan loss, as supported by the
stable Lev/EC and Lev/OC correlations across seasons (see SI Text ST1 and
Fig. S5). The combined PMF and radiocarbon results highlight the dominance
of fossil fuel and biomass burning sources in winter and spring, with biogenic
sources becoming more significant in summer to OC, which is inferable for
BrC sources. These findings underscore the importance of incorporating
source-specific BrC profiles into climate models to better represent their
seasonal variability and radiative effects.

4 Discussions

4.1 Benchmark optical properties for climate models

Most climate models considered BrC as unified light absorption properties
without incorporating source specific variations and atmospheric
transformation such as photochemical ageing and secondary production.”3-75
As a result, large uncertainties in simulating the radiative effects of
carbonaceous aerosols could been attributed to such complexity of BrC.6.15.71
The findings from this study highlight the complex interplay of source-specific
emissions, secondary formation, and photobleaching in shaping the radiative

properties of BrC in the East Asian outflow. For the first time, this study
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demonstrates that the MAC and Abs of BrC associated with land-originated
air masses are approximately twice those of sea-originated air masses (Table
1). For climate modelers, our findings offer critical empirical input.
Specifically, we provide seasonal and source-specific MAC values (e.g., 0.64
+ 0.09 m? gC! in winter for land-originated WSOC), which differ
substantially from sea-originated air masses. Such distinctions are not
represented in current global models like CAM5,6.15 which apply uniform BrC
optical properties. Inclusion of source-resolved MAC and AAE values in these

models can reduce radiative forcing uncertainty, especially over East Asia.

4.2 Photobleaching and secondary formation

The atmospheric evolution of BrC involves a dynamic balance between
photobleaching, which reduces its light-absorbing capacity, and secondary
formation, which can partially replenish BrC during transport. Analysis of
WSOC/EC ratios revealed a weak and insignificant increase with transport
time from the Asian continent to Fukue (Fig. S7), suggesting limited
secondary production. This is consistent with the median WSOC/EC ratio of
2.9 at Fukue, closely aligning with that of the North China Plain (2.5). This
weak production, at a rate of 0.009 h-1, may contribute to the unresolved BrC
fraction (Fig. 3b), agreeing with previous findings.”® Recent studies have
identified key pathways for secondary BrC formation, including the
photooxidation of aromatic compounds and the formation of oxygenated

aromatics and imidazoles.26:69 Incorporating these mechanisms into climate
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models can improve predictions of BrC evolution during long-range transport,
especially in regions like East Asia, where high precursor emissions and

intense photochemical activity drive secondary BrC formation.18.44.77.78

4.3 Source-specific variability

The study observed a positive relationship between AAE340.500nm-wsoc and
the WSOCsiomass burning/ WSOC ratio (Fig. S8), indicating that BrC from
biomass burning exhibits higher light absorption potential. This finding
highlights the significant role of biomass burning in shaping the optical
properties of BrC,26.66.70.79 particularly in regions affected by open fires and
agricultural residue burning. With climate change projected to increase the
frequency and intensity of wildfires,32.37 biomass burning is expected to
become an even more prominent source of BrC in the future. These dynamics
underline the need for climate models to incorporate regionally specific BrC
parameters that account for the evolving role of biomass burning in a
warming world. Moreover, this study implies the importance of biogenic
sources during summer and autumn, with Abs3gs.Msoc consistently exceeding
Abs3zgs.wsoc. The findings agree with a recent work suggesting that isoprene-
derived oxidation products can contribute to BrC formation.”! The
contributions of primary biogenic emissions and secondary biogenic
formation should be explicitly incorporated into models, particularly in

subtropical and tropical regions. Understanding how these processes interact
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with changing climatic conditions, such as warming and increased

atmospheric oxidant levels, is crucial for future projections.

4.4 Uncertainties and limitations

An important source of uncertainty for the sources apportionment of OC
based on isotopic method arises from the reliance on empirical Lev/OC and
Lev/EC ratios in estimating biomass burning contributions. These ratios are
influenced by combustion conditions (e.g., flaming vs. smoldering), biomass
type, and ageing during atmospheric transport. While we used representative
values from multiple East Asian studies, this introduces uncertainty into the
OCpp and OCyy estimates. Further, while our analysis suggests limited
levoglucosan degradation under typical East Asian outflow conditions,
variability in meteorology or oxidant levels could influence this result. A more
robust approach in future studies would involve WSOC-level 14C analysis to
directly quantify BrC source contributions and validate molecular tracer
assumptions. While the present study focused on bulk-level absorption
analyses, detailed optical closure with molecular-level BrC composition was
beyond the analytical scope. Future work integrating light absorption
measurements with high-resolution chemical characterization, such as using
the ultraperformance liquid chromatography coupled to photodiode array
detector and high-resolution mass spectrometry techniques,’! could provide
deeper insights into the specific compounds responsible for BrC absorption

and support improved representation in climate models.
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