
Tracing the Relative Significance of Primary versus Secondary
Organic Aerosols from Biomass Burning Plumes over Coastal Ocean
Using Sugar Compounds and Stable Carbon Isotopes
Srinivas Bikkina,*,†,‡ Md. Mozammel Haque,†,∥ Manmohan Sarin,‡ and Kimitaka Kawamura*,†,§

†Institute of Low-Temperature Science, Hokkaido University, Sapporo 060-0819, Japan
‡Physical Research Laboratory, Ahmedabad 380 009, India
§Chubu Institute for Advanced Studies, Chubu University, Kasugai 487-8501, Japan

*S Supporting Information

ABSTRACT: Biomass burning (BB), a pivotal source of both
primary and secondary organic aerosols (POA and SOA,
respectively), affects the regional and global climate. We have
used stable carbon isotopic composition (δ13CTC) of total
carbon (TC) and BB tracers (anhydrosugars, sugars, and sugar
alcohols) to elucidate the relative significance of POA and SOA
over the Bay of Bengal, influenced by the long-range transport
from the Indo-Gangetic Plain (IGP-outflow) and Southeast
Asia (SEA-outflow) during a winter cruise. The molecular
distributions of anhydrosugars (levoglucosan, Lev; galactosan,
Gal; mannosan, Man) are different between IGP- (Lev > Gal >
Man) and SEA-outflows (Lev > Man > Gal). The positive
linear/nonlinear relationships of δ13CTC with total sugar-C, K+,
water-soluble organic carbon (WSOC), and TC in BBOA from the SEA-outflow are in sharp contrast to those from Mt. Tai,
China and Rondônia, Brazil in summer; mainly because of the prevailing differences in ambient photochemical processing. The
Keeling plots (δ13CTC versus 1/TC, 1/WSOC, and 1/Lev) in the SEA-outflow revealed a mixing of “13C-enriched POA” and
13C-depleted “fresh-SOA” of BB origin. Because the sugar compounds are mostly water-soluble and become bioavailable in the
surface waters, we estimate the air-to-sea depositions of sugar-C and WSOC over the Bay of Bengal to contribute to no more
than 0.1% and 13%, respectively, of their supply via peninsular rivers.

KEYWORDS: anhydrosugars, sugars, sugar alcohols, Bay of Bengal, stable carbon isotopes, organic aerosols, biomass burning,
oxalic acid

■ INTRODUCTION

Organic aerosols (OAs), emitted from the natural and
anthropogenic sources (wood/crop-residue burning and
fossil-fuel combustion), account for a major fraction (20−
90%) of airborne fine particulate matter, affecting the regional
air quality and climate.1 Biomass burning (BB) emits a wide
range of primary organic aerosols (POAs) and gaseous-phase
volatile organic compounds (VOCs).2 The VOCs undergo
rapid and complex photochemical reactions, resulting in the
formation of secondary organic aerosols (SOAs).3,4 Besides,
some POAs are semivolatile in nature and, thus, evaporate to
contribute to gas-phase abundances of labile VOCs during
long-range transport.5 These labile VOCs further undergo
photochemical processing in the atmosphere to form further
SOAs.6,7 Both field and laboratory simulations based on
community multiscale air quality models have shown that
VOCs emitted from the canopies interact with anthropogenic
pollutants such as O3, OH*, and NOx to produce additional
SOAs.8−10 Furthermore, these VOCs are more easily
dispersed during downwind transport (i.e., away from the

source) under favorable meteorological conditions than POAs.
Consequently, the POA fraction dominates the BB-derived
organic aerosols (BBOAs) within the source emissions3 and
the SOA component increases significantly during trans-
port.11,12 Some BBOAs are highly water-soluble in nature and,
hence, exert a considerable influence on hygroscopicity of
ambient aerosols, affecting cloud formation and cloud
albedo.13

Despite numerous efforts in recent years to understand the
relative significance of POA versus SOA,14,15 our knowledge
regarding the chemical and physical evolution of BBOA is still
limited.4,15 Most of this understanding comes from controlled
biomass combustion experiments reported in the litera-
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ture.16,17 Open burning of crop residues, wood, and dung
cakes, together with forest fires in the tropics, in particular
from the Asian continent, geographically span over vast
regions, affecting regional climate.18 Therefore, limited
observations on BBOAs from field-based studies in South
Asia warrant further investigation.19 Probing the evolution of
BBOAs over continental sites is somewhat complicated by the
inadvertent mixing of source emissions and processing effects.
Therefore, oceanic regions located downwind of pollution
sources (e.g., the Bay of Bengal) are ideal for studying the
aging of BBOAs.
The Bay of Bengal, a low nutrient and chlorophyll region,

receives a large influx of freshwater and suspended sediments
from Ganga, Brahmaputra, and other peninsular rivers.20 The
Bay of Bengal is also under the influence of long-range
atmospheric transport of pollutants from the Indo-Gangetic
Plain and Southeast Asia during the winter period.20 This
study attempts to verify the prevailing characteristics in the
composition of BBOAs from the continental outflows through
specific organic molecular markers. We examined here three
classes of primary sugar compounds (i.e., anhydrosugars,
sugars, and sugar alcohols) in the PM2.5 sampled over the Bay
of Bengal during a winter cruise (SK-254; ORV Sagar Kanya).
This study aims to investigate the relative significance of POA
versus SOA from biomass burning emissions by using the
relative abundances and diagnostic mass ratios of primary
sugar compounds (this study) along with other chemical
composition and stable carbon isotopic signatures of total
carbon (TC).20,21

■ MATERIALS AND METHODS
We have collected fine mode particulate matter (PM2.5; N =
31) over the Bay of Bengal using precombusted tissuquartz
filters (ca. 8 in. × 10 in.; PALLFLEX) and a high-volume air
sampler (Thermo-Andersson Inc.; flow rate, 1.13 m3 min−1)
during the SK-254 cruise (Dec. 27, 2008−Jan. 26, 2009). For
more details on the sampling and other chemical composition
data, reference is made to our earlier publications.20,22 We also
compared our results from the Bay of Bengal with the BBOAs
sampled through the total suspended particulate matter (TSP)
over Mt. Tai, North China Plain23 and PM2.5 from Rondônia,
Brazil24 to better understand the geographical variability of
factors affecting their stable carbon isotopic composition of
TC. The high-volume TSP samples (Kimoto AS-810) were
collected on precombusted tissuquartz filter (ca. 8 in. × 10 in.;
PALLFLEX) over the summit of Mt. Tai, situated in
Shandong province in the North China Plain, influenced by
wheat-crop-residue burning emissions (i.e., May 30−Jun. 30,
2006).23 Likewise, the PM2.5 samples were collected as part of
the international collaborative effort of the Large-Scale
Biosphere−Atmosphere Experiment in Amazoniasmoke,
aerosols, clouds, rainfall, and climate (LBA-SMOCC)
campaign using a dichotomous virtual impactor from a
pasture site (i.e., at the Fazenda Nossa Senhora Aparecida),
located in the southwestern province in Rondonia (Brazil),
influenced by the intense forest fires in the Amazon basin
during the dry season (Sep. 16−26, 2002).24
On the basis of the moderate resolution imaging

spectroradiometer (MODIS) fire count data and 7 day
isentropic backward air mass trajectories, we have classified
the PM2.5 samples collected over the Bay of Bengal into two
categories, those originating from (i) the Indo-Gangetic Plain
as IGP-outflow (Dec. 27, 2008−Jan. 10, 2009) and (ii)

Southeast Asia as SEA-outflow (Jan. 11−26, 2009). Accord-
ingly, we attribute the variability in the chemical composition
(i.e., sugar compounds, water-soluble inorganic ions, carbona-
ceous aerosol components, trace metals, dicarboxylic acids,
and bulk stable carbon isotopic composition) to their
respective source contribution in the continental outflows to
the Bay of Bengal.20

Briefly, a portion of the aerosol sample was extracted with a
dichloromethane and methanol mixture (2:1) by ultrasonic
agitation (10 mL × 3 times). This solvent extract was passed
through a Pasteur pipet containing glass wool to remove the
suspended particles and filter fibers. The solvent extracts were
preconcentrated under vacuum using a rotary evaporator to
∼200 μL and transferred into a 1.5 mL glass vial, later
subjected to nitrogen purging to near dryness. To this vial, we
added 50 μL of silylation reagent containing a mixture of N,O-
bis(trimethylsilyl) trifluoroacetamide (BSTFA) with 1%
TMCS (trimethylchlorosilane) and 10 μL of pyridine and
heated at 70 °C for 3 h. After derivatization, 140 μL of C13 n-
alkane (1.43 ng μL−1) was added to the glass vial as an
internal standard prior to the measurement on a gas
chromatograph−mass spectrometrmeter (GC-MS) equipped
with a split/splitless injector and fused silica capillary column
(DB-5MS; 0.22 mm × 25 m; film thickness, 0.52 μm). We
assessed the mass concentrations of anhydrosugars by
comparing the peak area of analyte relative to those of
authentic standards (Sigma-Aldrich) using the analytical
protocol described in earlier publications.23 The recovery
tests were assessed by spiking the known amounts of authentic
standards on blank filters and processing them in a fashion
similar to that of a sample, while levoglucosan was better than
85%, which also is used as a surrogate standard for mannosan
and galactosan. The recoveries of individual anhydrosugars,
sugars, and sugar alcohols were found to be 80−90%.
We have obtained the bulk stable carbon isotopic

composition of total carbon (δ13CTC)
21 and other molecular

markers (e.g., oxalic acid)20 data to substantiate the arguments
on the relative significance of BB-derived POAs and SOAs
over the Bay of Bengal. The δ13CTC, which is an abundance
ratio of 13C to 12C in samples relative to that of standard (i.e.,
Pee Dee Belemnite carbonate carbon), in PM2.5 was analyzed
using an elemental analyzer interfaced to an isotope ratio mass
spectrometer (EA/irMS, Carlo Erba NA 1500 EA Finnegan
MAT Delta Plus).21 The external calibration was performed
using acetanilide with a known δ13CTC (−27.26‰) according
to Bikkina et al.21

C /‰ ( ( C/ C) /( C/ C) 1) 100013
TC

13 12
sample

13 12
Pee Dee Belemniteδ = [ ] − ×

(1)

Likewise, the aqueous extract of PM2.5 was derivatized using
14% BF3 in n-butanol (i.e., after adjusting the pH to ∼8.5−9
with 0.05 M KOH) on a hot plate at 100 °C for about an
hour. The dibutyl ester derivative of oxalic acid was back-
extracted in n-hexane and injected to a gas chromatograph
(GC), equipped with flame ionization detector (FID) and
split/splitless injector.20 We have provided elsewhere the data
with the information on the measurements and quality
assurance of δ13CTC and oxalic acid.31 We also used the
chemical composition data (non-sea-salt K+; water-soluble
organic carbon, WSOC; elemental carbon, EC; and TC) from
our previous studies to substantiate the arguments related to
source contributions/aging effects.20,21
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■ RESULTS AND DISCUSSION

Mass Concentrations. BB significantly contributes to the
atmospheric abundances of primary saccharides in PM2.5.

25,26

In addition, vegetation detritus, resuspended dust, airborne
pollen, and fungal spores also contribute to these primary
sugars and sugar alcohols in ambient aerosols.27,28 We
detected here three anhydrosugars (levoglucosan, Lev;
galactosan, Gal; and mannosan, Man), five sugars (glucose,
fructose, sucrose, xylose, and trehalose), and four sugar
alcohols (arabitol, mannitol, erythritol, and inositol) in PM2.5
sampled over the Bay of Bengal. Of these, anhydrosugars
originate mostly from the pyrolysis of cellulose/hemicellulose
during BB.29,30 Xylose is a tracer for wood burning
emissions.27 Glucose and fructose are abundant in terrestrial
vegetation and can be emitted from the BB through direct
volatilization and/or formed by the hydrolysis of other
polysaccharides under acidic conditions,31,32 while airborne
pollen contains high concentrations of sucrose, whereas fungal
spores are rich in arabitol and mannitol.33,34 Likewise,
trehalose is a proxy for the soil organic carbon associated
with fungal metabolism.27 BB also contributes to high levels of
erythritol and inositol.25,31 Therefore, all of these tracer
compounds provide useful information about the variations in
the type of BBOA between IGP- and SEA-outflows.
We examined the spatial variability of mass concentrations

of primary sugar compounds over the Bay of Bengal (Figure
1) to understand the heterogeneity in the composition of
BBOA between IGP- and SEA-outflows. Similar spatial trends
of levoglucosan and mannosan (Figure 1a,b) suggest their
ubiquitous BB signatures in both outflows, while galactosan
showed a strong N−S gradient (i.e., high to low) from IGP-
to SEA-outflow (Figure 1c). Galactosan is a tracer for the
recent fire activity (or fresh BB)24,35 and usually abundant in

crop-residue burning emissions.36 Postharvest agricultural
crop-residue burning is an important source of organic
aerosols over the Indo-Gangetic Plain during early winter20

and, hence, contributes to high concentrations of galactosan
along with the other two anhydrosugars in the IGP-outflow.
Glucose, fructose, sucrose, and xylose exhibited somewhat

similar spatial variability (Figure 1d−f) over the Bay of
Bengal, particularly high concentrations in the coastal
sampling tracks near Southeast Asia. These observations
further advocate a greater emission strength of these primary
sugar compounds from forest fires in the SEA-outflow. A lack
of such spatial variability for the remaining sugar/sugar
alcohols over the Bay of Bengal (Figure 1g−l) emphasizes
their different source emissions other than BBOA and
common transport history. The spatial variability is in
particular significant, assessed on the basis of an unpaired
two-tailed t-test (Table 1), only for the atmospheric loadings
of galactosan, xylose, and trehalose. Of these, both galactosan
and trehalose showed higher concentrations in the IGP-
outflow and decreased by a factor of 4.8 and 2.9, respectively,
in the SEA-outflow. In contrast, we also observed a factor of 2
increase in the average concentration of xylose from IGP- to
SEA-outflow. Comparable levels of other sugar compounds in
both of the continental outflows (Table 1) indicate their
ubiquitous signatures and near equal source strength of BB
between IGP- and SEA-outflows. The total mass concen-
trations of anhydrosugars, sugars, and sugar alcohols also
resemble their individual class of compounds (Figure 1m−o),
highlighting their variable sources and emission strength in
both continental outflows.

Molecular Distributions: Relative Abundances of
POA over SOA. The relative abundances of the three
anhydrosugars in the total mass concentrations also exhibited
significant spatial variability over the Bay of Bengal (Figure

Figure 1. Spatial variability in the mass concentrations of measured anhydrosugars (a−c), sugars (d−h), and sugar alcohols (i−l) along with the
total load from the respective sugar class (m−o) in PM2.5 collected onboard ORV Sagar Kanya during the winter cruise (SK-254, Dec. 27, 2008−
Jan. 26, 2009) in the Bay of Bengal. The dots represent the midpoint of sampling tracks used for the PM2.5 collection in the Bay of Bengal. The
spatial contours were generated using the interpolation-based gridding technique of Ocean Data View software.82
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2a). Levoglucosan is the most abundant anhydrosugar
followed by galactosan in the IGP-outflow and mannonsan
in most of the SEA-outflow (11 out of 15 PM2.5) samples. We
included three PM2.5 samples from the northern Bay of Bengal
into the SEA-outflow due to their remarkable similarity in the
relative abundance of mannosan over galactosan and a sudden
shift in the origin air mass back-trajectories (i.e., at 500 and
1000 m) from the Indo-Gangetic Plain to Southeast Asia.
Overall, there is a change in molecular distribution of
anhydrosugars (Figure 2a) from the IGP-outflow (Lev ≫
Gal ≥ Man) to SEA-outflow (Lev ≫ Man ≥ Gal). Smoke
particles from the open burning of crop residues have a higher
abundance of galactosan over mannosan.36,37 This source is
active in the Indo-Gangetic Plain and, hence, contributes to
the IGP-outflow. Similar to the distribution in SEA-outflow,
aerosols sampled from the forest fires in Thailand, Southeast
Asia,38 and Amazon basin24 also show the dominance of
mannosan over galactosan.
Anhydrosugars, sugars, and sugar alcohols are mostly

emitted as POA. We can assess the overall relative significance
of POAs and SOAs over the Bay of Bengal on the basis of the

mass ratio of the total primary sugar-C to that of a major
SOA−tracer compound (e.g., oxalic acid20). The sugar-C/
oxalic acid-C ratio is rather low in the IGP-outflow (Figure
2b), suggesting the predominance of SOAs because of the
distal influence of BB emissions in the Northwest Indo-
Gangetic Plain (Punjab and Haryana). In contrast, we
observed an increase of sugar-C/oxalic acid-C ratios in the
SEA-outflow (Figure 2b) because of the proximity and
influence of forest fires in Southeast Asia.
We compared the fractional relative abundances of three

anhydrosugars over the Bay of Bengal with those reported
over the East China Sea,39 a round-the-world cruise,40 remote
ocean islands in the North Pacific (i.e., Okinawa41 and
Chichijima27), the Canadian high Arctic,42 the Eastern
Mediterranean Sea,43 and the Atlantic Ocean44 (Figure 3a).
This comparison has unveiled the geographical differences in
the source strength of BB. There exists a large spread in the
fractional relative abundance of levoglucosan for the marine
basins in the Norht Pacific (East China Sea, Okinawa, and
Chichijima) influenced by the East Asian outflow compared to
the Bay of Bengal (i.e., influenced by South/Southeast Asian

Table 1. Statistical Summary of Concentrations (ng m−3), Mass Ratios, and Relative Abundances of Saccharides in PM2.5
Sampled from the Indo-Gangetic Plain (IGP-) and Southeast Asian (SEA-) Outflows over the Bay of Bengal during SK-254
cruise (Dec. 27, 2008−Jan. 26, 2009) Based on the Unpaired Two-Tailed t-Test (at 95% Confidence Interval)a,b

IGP-outflow SEA-outflow

saccharide type compd name min−max av, median min−max av, median t-score, p-value, df

anhydrosugars levoglucosan 0.85−17.3 5.4, 2.7 0.11−31.7 6.18, 5.12 0.28, >0.05, 29
galactosan 0.11−3.96 1.15, 0.78 0.004−1.23 0.24, 0.21 3.17, <0.05, 28
mannosan 0.06−1.16 0.36, 0.25 0.01−1.24 0.31, 0.26 0.44, >0.05, 28
Σanhydrosugars 1.1−22..4 6.93, 3.66 0.13−34.2 6.7, 5.4 0.07, >0.05, 29
Σanhydrosugars (%) 19.2−64.5 46.6, 47.3 17.6−74.5 42.9, 41.9 0.64, >0.05, 29
Lev/Man 8.67−25.1 14.7, 13.9 3.3−27.6 15.5, 15.9 0.22, >0.05, 28
Lev/Gal 2.6−12.8 5.5, 4.6 1.9−82.6 26.6, 23.3 3, <0.05, 28
Lev/(Man+Gal) 1.98−8.48 4.0, 3.5 1.5−20.7 9.1, 9.5 2.84, <0.05, 28
Man/Gal 0.21−0.58 0.35, 0.32 0.26−3.1 1.6, 1.4 4.51, <0.05, 28
Lev/nss-K+ 0.003−0.02 0.01, 0.005 0.004−0.04 0.011, 0.01 0.7, >0.05, 29
Lev-C/WSOC (%) 0.02−0.09 0.05, 0.03 0.01−0.23 0.070, 0.06 1.24, >0.05, 29
Lev-C/OC (%) 0.02−0.07 0.04, 0.02 0.004−0.19 0.055, 0.04 1.36, >0.05, 29
Σanhydrosugar-C/WSOC (%) 0.03−0.12 0.06, 0.04 0.008−0.23 0.078, 0.06 0.91, >0.05, 29
Σanhydrosugar-C/OC (%) 0.03−0.09 0.04, 0.03 0.005−0.19 0.061, 0.05 1.05, >0.05, 29

sugars glucose 1.12−4.35 2.14, 1.66 0.17−5.73 2.37, 2.50 0.39, >0.05, 29
fructose 0.38−2.18 0.86, 0.65 0.02−2.06 0.81, 0.86 0.21, >0.05, 29
sucrose 0.25−1.08 0.51, 0.47 0.03−1.30 0.53, 0.44 0.13, >0.05, 29
xylose 0.07−0.56 0.23, 0.17 0.03−1.43 0.51, 0.49 2.27, <0.05, 24
trehalose 0.14−1.16 0.40, 0.30 0.03−0.58 0.14, 0.10 3.21, <0.05, 28
Σsugars 2.1−8.7 4.14, 3.40 0.23−9.4 4.2, 4.2 0.08, >0.05, 29
ΣSugars(%) 24.6−55.2 39.1, 40.1 17.9−73.2 47.5, 47.5 1.74, >0.05, 29
Σsugar-C/WSOC(%) 0.03−0.10 0.04, 0.04 0.020−0.11 0.06, 0.06 1.53, >0.05, 29
Σsugar-C/OC(%) 0.02−0.08 0.04, 0.03 0.01−0.09 0.05, 0.05 1.46, >0.05, 29

sugar alcohols arabitol 0.08−0.96 0.39, 0.26 0.02−0.99 0.29, 0.23 0.96, >0.05, 27
mannitol 0.07−1.04 0.34, 0.15 0.01−0.98 0.19, 0.13 1.41, >0.05, 27
erythritol 0.16−2.34 0.67, 0.40 0.03−1.42 0.39, 0.38 1.55, >0.05, 28
inositol 0.07−0.80 0.28, 0.16 0.005−0.66 0.27, 0.30 0.09, >0.05, 26
Σsugar alcohols 0.7−4.4 1.68, 1.04 0.09−3.5 1.1, 1.1 1.5, >0.05, 28
Σsugar alcohols (%) 7.8−25.7 14.3, 12.4 6.3−16.5 10.0, 10.2 2.86, <0.05, 28
Σsugar alcohol-C/WSOC (%) 0.01−0.05 0.016, 0.014 0.005−0.02 0.01, 0.01 1.02, >0.05, 28
Σsugar alcohol-C/OC (%) 0.005−0.03 0.013, 0.011 0.003−0.02 0.01, 0.01 0.79, >0.05, 28
Σsaccharides-C/WSOC (%) 0.08−0.19 0.12, 0.10 0.035−0.35 0.15, 0.13 1.01, >0.05, 29
Σsaccharides-C/OC (%) 0.05−0.14 0.092, 0.083 0.02−0.27 0.12, 0.11 1.12, >0.05, 29

aHere av = average, df = degrees of freedom; Lev-C = Levoglucosan carbon content; and Σsaccharides-C = sum of concentrations of
anhydrosugars, sugars, and sugar alcohols. bBold highlights indicate the significant differences between IGP- and SEA-outflows.
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outflow), East Mediterranean Sea, and the Canadian Arctic
(Figure 3a). This observation highlights that later marine
basins are more susceptible to the influence of BB. Likewise,
we compared the fractional abundances of total anhydrosu-
gars, sugars, and sugar alcohols in their total mass
concentration over the Bay of Bengal with other coastal and
remote oceans (Figure 3b). We observe a sharp contrast in
the predominance of anhydrosugars (40−100%) and sugars
(0−60%) over the Bay of Bengal compared to other oceanic
regions (Figure 3b), where we found higher fractional
abundances of sugars (>50−100%) and sugar alcohols (0−
80%). This comparison also corroborates the strong influence

of BB emissions over the Bay of Bengal compared to other
oceanic basins.

Diagnostic Mass Ratios: Probable Sources. Linear
relationships among the primary sugar compounds provide
their common source emissions and/or long-range atmos-
pheric transport over a receptor site. Strong correlations of
some sugars (i.e., glucose, fructose, and xylose) and sugar
alcohols (erythritol and inositol) with anhydrosugars in the
IGP-outflow indicate their origin from crop-residue/wood
burning emissions in the Indo-Gangetic Plain. Likewise,
moderate to strong correlations (r > 0.6) of glucose, fructose
erythritol, and inositol with levoglucosan and mannosan in the

Figure 2. Spatial variability of percentage fractional relative abundances of (a) anhydrosugars, sugars, and sugar alcohols and (b) total sugar-C
(i.e., anhydrosugars + sugars + sugar alcohols) and oxalic acid-C in PM2.5 collected over the Bay of Bengal (BoB). Panel a also includes 7 day
isentropic air mass back-trajectories from hybrid single particle Lagrangian integrated trajectory (HYSPLIT) model (“blue” indicates from the
IGP-outflow and “black” indicates SEA-outflow) and the moderate resolution imaging spectroradiometer (MODIS) derived fire count data for
South and Southeast Asia.

Figure 3. Comparison of relative abundances of (a) anhydrosugars, (b) all three sugar compound classes (anhydrosugars, sugars, and sugar
alcohols) sampled over the Bay of Bengal (number of samples, N = 12 for the IGP-outflow and N = 19 for the SEA-outflow) during the winter
cruise with those reported in the literature. For comparison, we included data sets from East China Sea (N = 51),39 a round-the-world cruise (N
= 13),40 Alert-Canadian-Arctic (N = 16),42 Okinawa (average value),41 Chichijima (N = 43),27 East Mediterranean Sea (average value),43 and
Atlantic Ocean (N = 5).44
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SEA-outflow suggest forest fires in Southeast Asia as their
common source. The mass concentrations of trehalose
correlated well with arabitol and mannitol in the IGP-outflow,
representing their origin from airborne fungal spores
associated with fine alluvium from the Indo-Gangetic Plain.
In contrast, arabitol strongly correlated with trehalose but not
with the mannitol, possibly due to contribution from different
types of fungal spores in the SEA-outflow.
Among these statistical correlations, the linear relationship

of levoglucosan with mannosan and galactosan (Man + Gal),
non-sea-salt K+, WSOC, and TC (Supporting Information
Figure S1) is, in particular, useful for characterizing the type of
BBOA (softwood, hardwood, rice straw, and grasses). Here,
the apparent variability in the regression slopes and differences
in diagnostic mass ratios of sugar compounds (Table 1) would
then reflect the source strength and compositional similar-
ities/differences of BBOA in the respective continental
outflows. Overall, much steeper slopes of Lev with these
other BB tracers in the SEA-outflow (Figure S1) show a
stronger impact from the forest fires in Southeast Asia. We
found no significant differences in the Lev/Man ratios (t-score
= 0.22; p-value > 0.05; df = 28) between IGP-outflow (14.7 ±
5.3) and SEA-outflow (15.2 ± 8.5). Furthermore, these Lev/
Man ratios are comparable to those originating from burning
of hardwood (10−10045,46) and crop residues (10−10045,47)
but higher than those of softwood (2.5−1045,46). Lev/Gal
ratios are different for the burning of wood (∼10−50)47
versus that of leaves (∼1).47,48 Therefore, high Lev/Gal ratios
over the Bay of Bengal (IGP-outflow: 5.5 ± 3.5 and SEA-
outflow: 26 ± 24) are comparable to those of wood-burning
emissions. Lev/(Man + Gal) ratios in the SEA-outflow (8.95
± 6.12) are also higher than that in the IGP-outflow (3.9 ±
2.1) but similar to those reported for Amazonian forest fires
(night, ∼17; day, ∼19).24 Likewise, Lev/(Man + Gal) ratios
in the IGP-outflow are consistent with the crop-residue/wood
burning emissions sampled over urban Delhi in the IGP
during winter (∼4.5 ± 3.8).49

The Lev/K+ ratios in the crop-residue burning (i.e., <1) are
distinctly different from those emitted from woody biomass
(hardwood, 1−100; softwood, 10−1000).45 In the case of
wood, different phases of BB (i.e., smoldering versus flaming)
could cause distinct mass ratios of Lev/nss-K+ but similar
contributions of levoglucosan carbon content to WSOC and

TC (i.e., Lev-C/WSOC and Lev-C/TC50,51). This is because
K+ emissions are high in the flaming phase of wood
burning52,53 and anhydrosugars are largely emitted in both
flaming and smoldering phase.51,54 Therefore, Lev/nss-K+

ratios in the IGP-outflow are consistent with crop-residue
burning emissions (i.e., <1), whereas those in the SEA-outflow
suggest a likely contribution from the flaming phase of forest
fires in Southeast Asia. Such typical low mass ratios of Lev/
nss-K+ are a characteristic signature of the flaming phase of
forest fires (Savanna, 0.03; Amazon, 0.2356) than smoldering
phase (wood, 1−445,46).
Because the Lev/Man and Lev/K+ ratios vary with BB

types, hence, their cross-plot is useful for the source
apportionment of BBOA over the Bay of Bengal (Figure
4a). This approach has unveiled that both crop-residue and
hardwood burning emissions are the major sources of BBOA
in the IGP- and SEA-outflows. We also observed rather low
values of Lev/nss-K+ (0.001−0.01) and Lev/Man (1−10) for
some SEA-outflow samples, which could be due to the
burning of leaves from the forest fires.47 Overall, the spatial
variability of diagnostic mass ratios (i.e., Lev/Man, Lev/Gal,
Lev/(Man + Gal), Lev/nss-K+, nss-K+/EC, and Man/Gal)
and the relative abundances of sugar compounds in their total
mass concentration highlights the variable BB source
emissions in the continental outflows to the Bay of Bengal
(Figure S2).
Previous studies have estimated the contribution of BB-

derived OC using the ambient levels of Lev times the source-
specific mass ratio of OC/Lev (i.e., averaged across different
BB-fuel types).46,57 These estimates are uncertain because of
the semivolatile nature58 and ability to undergo photo-
chemical oxidation of this tracer compound during trans-
port.35,59 Therefore, we observed low mass ratios of Lev-C/
OC over the Bay of Bengal (Table 1), perhaps owing to the
oxidative loss of this marker and increased formation of OC
contributed from SOAs during transport. Unfortunately, we
could not analyze the PM2.5 samples for the radiocarbon
isotopic composition (Δ14C) of TC, an unambiguous tracer
for assessing the biomass versus fossil fraction, because of the
higher carbon demands for the measurement (∼50−150 μg of
C)60 and observed low carbon loadings over the Bay of
Bengal. Unlike Δ14C, the estimates of BB-derived OC based
on δ13CTC are somewhat troubled by the choice of end

Figure 4. (a) Comparison of Lev/Man and Lev/nss-K+ ratios in PM2.5 with biomass burning source profiles. Pane b is the geochemical budget of
atmospheric dry-deposition of carbonaceous species and total sugar-C to the Bay of Bengal and comparison with other external inputs (e.g.,
riverine supply).
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members (δ13Cbio, −28‰; and δ13Cfossil, −23‰) and the
oxidation of OC during atmospheric transport (i.e., affecting
the δ13CTC). Both these factors introduce a considerable
uncertainty in our earlier source apportionment.21 Recently,
the Δ14CTC from the IGP- and SEA-outflows have unveiled a
larger share of biomass component (70−90%).60,61 Therefore,
we assumed that organic aerosols in the SEA-outflow have
minor contributions from sources other than forest fires in
Southeast Asia.
We used positive matrix factorization,62 a powerful

statistical tool (https://www.epa.gov/air-research/positive-
matrix-factorization-model-environmental-data-analyses), to
apportion the probable sources of measured saccharides in
PM2.5 over the Bay of Bengal. In this analysis, observed mass
concentration (X) of saccharides (j ≈ 1, 2, 3, ..., m) in aerosol
samples (i ≈ 1, 2, 3, ..., n) could be expressed as a linear
combination of possible source profiles (gik) times the source
contributions ( f kj).

X g f e e( ) ; here, fit residualsij
k

p

ik kj ij ij
1

∑= + =
= (2)

Positive matrix factorization input requires the concentrations
of measured saccharides (xij) and their associated analytical
uncertainties (uij). Using these input parameters, the PC-based
algorithm solves the source profiles and their contributions by
minimizing the objective function (Qtrue or Q), which is the
sum of squared residuals normalized to their uncertainties.
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The analytical uncertainties for measured saccharides in
positive matrix factorization analysis are ∼15%. On the basis
of the literature knowledge, we infer five factors (sources)
contributing to measured saccharides (Figure S3).
Factor 1 has high loadings of trehalose (36%), arabitol

(37%), and mannitol (44%). This observation implies a
significant contribution of airborne fungal spores and the soil
carbon associated with fungal metabolism to PM2.5. Factor 2
showed low loadings for levoglucosan (18%), glucose (18%),
and fructose (10%), whereas high loadings for galactosan
(89%), mannosan (40%), trehalose (46%), erythritol (44%),
arabitol (22%), mannitol (27%), and inositol (24%). Higher
loading of galactosan and mannosan with other saccharides in
this factor 2 corresponds to contributions from crop-residue
burning and associated resuspension of dust transported over
the Bay of Bengal. Factor 3 has rather high loading of xylose
(96%), which could be due to contribution from wood
burning. Xylose is a monosaccharide present in wood and,
thereby, traditionally referred to as wood sugar.27 Wood
burning emissions over the IGP contribute significantly to
atmospheric OA. Therefore, factor 3 indicates source
emissions from “wood burning”. Factor 4 has higher loadings
of glucose, fructose, and sucrose compared to other measured
saccharides. Sucrose is an excellent tracer for airborne pollen
but is also emitted significantly from BB.27 Airborne pollen
grains vary in sizes between 1.2 and 12 μm.34 Therefore, we
could interpret the factor 3 as an airborne pollen contribution
to PM2.5 over the Bay of Bengal.
Factor 5 has high loadings of levoglucosan (64%) along

with mannosan (44%), glucose (32%), fructose (38%),
arabitol (39%), mannitol (20%), erythritol (22%), and inositol

(44%) in factor 5, indicating their origin from “forest fires”.
Galactosan decomposes at high temperatures of flames during
forest fires in Southeast Asia compared to low-temperature
burning of wood/crop residue over the Indo-Gangetic Plain
(Figure 2a). Accordingly, high loadings of galactosan in factor
2 (i.e., 89%) compared to the near absence in factor 5 suggest
their different BB source type. Aeolian input of saccharides
significantly contributes to their bioavailable organic carbon in
the surface seawater. It is, therefore, important to assess how
much of the saccharide-C along with other carbonaceous
species delivers through atmospheric deposition vis-a-̀vis that
of fluvial supply to the Bay of Bengal.

Dry-deposition Flux of Sugars. The Bay of Bengal
receives a lower amount of rainfall during continental outflow
(December−April) and, therefore, only dry-deposition is the
major removal pathway by which airborne sugar compounds,
OC, and EC enter into the surface waters. We estimated the
dry-deposition fluxes ( fdry) of total sugar-C, OC, and EC (aka
“Black Carbon” or BC) to the Bay of Bengal by using their
mass concentrations in PM2.5 times the dry-deposition velocity
(Vd).

f Vsugar Cdry sugar C aero d≈ [ ‐ ]‐ ‐ (4)

f VOCdry OC aero d≈ [ ]‐ (5)

f VECdry BC aero d≈ [ ]‐ (6)

The dry-deposition velocity is difficult to constrain, which
depends on several factors including wind stress, surface
roughness, and prevailing meteorology. Therefore, it is a
common practice to model the Vd and use the best estimates
while assessing the fdry.

63 The Group of Experts on Scientific
Aspects of Marine Pollution (GESAMP) have recently
reemphasized the use of previously suggested Vd of Duce et
al.64 for assessing the fdry to the world’s oceans. Because of the
measured saccharides, OC, and EC being in fine mode
aerosols (PM2.5) over the Bay of Bengal, we assumed 0.001 m
s−1 as the Vd for this study for estimating the dry-deposition
fluxes to the surface ocean. The fdry‑sugar‑C, fdry‑OC, and fdry‑BC
varied from 0.05 to 1.7 μg of C m−2 day−1, from 0.02 to 1 mg
of C m−2 day−1, and from 0.01 to 0.43 mg of C m−2 day−1,
respectively. It is worthwhile to mention here that continental
outflow lasts only 4−5 months during dry northeast-monsoon
period (∼150 days) and the entire marine basin is under the
influence of South/Southeast Asian outflow.20 Because of the
seasonal reversal of winds from ocean to land during the
southwest monsoon, a period with an increase in the number
of precipitation amounts and less influence from the
continents, the effect of wet-deposition of these sugar
compounds on the surface waters of the Bay of Bengal may
not be significant.
We have extrapolated the daily estimates of dry-deposition

fluxes to annual scale and also for the entire area of the Bay of
Bengal (ca. 2.2 million km2) to calculate to annual inputs of
total sugar-C, OC, EC, and WSOC (aka dissolved organic
carbon, DOC). Therefore, the Bay of Bengal receives
∼0.015−0.57 Gg of C year−1 as saccharides, 28−331 Gg of
C year−1 as OC, 4.6−142 Gg of C year−1 as EC, and 14−235
Gg of C year−1 as WSOC (i.e., comparable to DOC from
river/seawater) through the atmospheric input. It is important
to note that these estimates carry some uncertainty due to the
inherent errors in the assumed Vd, which may vary by a factor
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of 2−3. We have further compared these dry-deposition fluxes
with other external inputs such as fluvial supply (i.e., through
rivers) to the Bay of Bengal (Figure 4b). The annual delivery
of riverine fluxes of total dissolved sugar compounds65 and
organic carbon66 to the Bay of Bengal is ∼430 and ∼1820 Gg
of C year−1, respectively. Therefore, upper estimates of
atmospheric input of sugar-C and WSOC contribute to no
more than ∼0.12% and ∼13% of their riverine supply to the
Bay of Bengal, respectively.
Geographical/Seasonal Variability of the Relation-

ship between δ13CTC and BB Tracers. The relationship of
δ13CTC with BB tracers (e.g., anhydrosugars and nss-K+) can
provide insights into processes affecting BBOAs. We observed
positive nonlinear trends of δ13CTC with total sugar-C mass
and nss-K+21 in the SEA-outflow (Figure 5a, left panel),
suggesting POAs from the forest fires in Southeast Asia might
control δ13CTC over the Bay of Bengal during winter. BB
significantly contributes to organic aerosols, most of which are
water-soluble.27 Accordingly, both WSOC and TC also
correlated well with the δ13CTC in SEA-outflow21 (Figure
5). However, these trends in the SEA-outflow are contrary to
those of the BBOA data sets from the North China Plain23

and Rondônia (Brazil).24 While the Bay of Bengal samples are
from the winter season, the other two BBOAs collected over
the North China Plain and Rondônia (Brazil) are from
summer months. Therefore, these opposite trends (i.e., SEA-
outflow in winter and the North China Plain and Rondônia in
summer) perhaps reflect the seasonal differences in the δ13CTC
of BBOAs. It is important to understand what type of OA
dominates and what process could affect the stable carbon
isotopic composition before interpreting the observed seasonal
patterns in the relationships between organic/inorganic
chemical tracers and δ13CTC.
The δ13CTC of BBOA (i.e., POA or SOA) over a receptor

site depends on the contributions from source types and
transformations occurring in the atmosphere. For instance, if
BB-derived POA with higher abundance is oxidized via the
cleavage of C−C bond resulting in loss of a small carbon
skeleton or moiety to gas phase, the remaining POA in the
particulate phase then would have a lower abundance and be
enriched in 13C.67. Alternatively, if BB- and/or anthropogenic-
derived VOCs are oxidized in the atmosphere, this process
would deplete in 13C for the newly formed SOA because of
the kinetic isotope effect (KIE).68−72 This means lighter
carbon (12C) containing isotopologues of VOCs preferentially
react to form labile VOCs (i.e., 13C-depleted).68−70 However,
condensation of labile VOCs to form SOA only involves a
phase change (i.e., gas → particle) and would not affect their
δ13C67 due to their larger molecular masses than that of water
vapor and, hence, can have negligible equilibrium isotopic
fractionation effects.68,73 Therefore, the δ13C of the freshly
produced and less aged SOA is depleted in 13C compared to
the precursor VOC pool.74 These SOAs when subjected to
further ambient photochemical processing increase their δ13C.
This effect is more pronounced during summer due to a
relative increase in atmospheric abundance of oxidants.
Therefore, by contrasting linear/nonlinear trends of δ13CTC
with BB tracers between this study (Bay of Bengal) and others
(Mt. Tai and Rondônia, Brazil), the differences in the
photochemical processing are likely because of organic
aerosols.
The coastal ocean aerosols of the SEA-outflow had more

influence from forest fires in Southeast Asia. Higher relative

abundances of Lev-C/OC (0.09 ± 0.04%) in these samples
coincide with higher δ13CTC (−24.5 ± 0.4‰) in the SEA-
outflow (Figure S4). This agreement could be consistent with
source-specific stable carbon isotopic composition of BBOA
from Southeast Asia (δ13CTC‑SEA) or the result of their
oxidation during long-range transport. The δ13CTC‑SEA from
the vicinity of forest fires in Thailand (−26.0 ± 1.2‰)38 and
Vietnam (−26.0 ± 0.44)25 are lower, assessed on the basis of
the Monte Carlo error propagation method,75 than those
found for the SEA-outflow samples collected over coastal
ocean (t-score = 3.7; df = 49; p < 0.05; Δδ13CTC ≈
δ13CTC‑SEA‑outflow − δ13CTC‑SEA ≈ +1.5 ± 1.3‰). We, thus, rule
out the possibility that BBOAs from Southeast Asia (i.e.,
dominated by C3 vegetation) carry their source-specific
δ13CTC signature to the SEA-outflow.
The δ13CTC‑SEA in BBOA over Southeast Asia is higher46,51

than that of their C3 plant leaves (δ13Cplant‑SEA, −28.6 ±
1.05‰).76. Their difference in δ13CTC is not statistically
significant (Δδ13C ≈ δ13CTC‑SEA − δ13Cplant‑SEA ≈ + 2.6 ±
1.1‰; t-score, 0.25; df = 52; p > 0.05) but is somewhat larger
than those of BBOA generated in a chamber (i.e., +0.5‰).77

Turekian et al.77 collected all particles from the C3 plant
combustion on a filter substrate and examined for isotopic
discrimination between biomass source material and aerosol-
TC. In contrast, BB in a natural atmosphere (e.g., here in
Southeast Asia) resembles a distillation process and the
emitted substances are easily dispersed by the prevailing
meteorology. Therefore, the δ13CTC in ambient aerosols
collected downwind of the forest fires in Southeast Asia
depends on what fraction of organic compounds in the BB
(i.e., labile or less labile) have contributed to TC.
Loss of volatiles (CO, CO2, and non-methane hydro-

carbons, etc.) during the initial phase of BB at <180 °C causes
13C enrichment of residual unburnt plant material.78

Subsequent pyrolysis of cellulose and hemicellulose (i.e.,
together account for >80% biomass) as well as lignin
compounds at >300 °C results in the formation of sugars
and other volatile products,29 which are enriched in 13C rather
than that in the bulk plant. Sang et al.78 observed a significant
enrichment of 13C of levoglucosan than holocellulose (i.e.,
cellulose + hemicellulose) of plant biomass. There exists a
subtle but measurable difference in the δ13C signatures
between plant biomass and the various constituent carbon
pools. More labile fractions (e.g., sugars, cellulose, and
hemicellulose) are somewhat enriched in 13C, and the less
labile components (e.g., lipids and lignins) are depleted in 13C
than bulk plant biomass.79 Therefore, higher δ13CTC with
changing sugar-C content for the SEA-outflow samples
collected near Southeast Asia (∼−24.5 ± 0.4‰) could be
explained by higher contribution from labile components of
plant biomass to OA (i.e., mostly as POAs) during forest fires.
The difference in δ13CTC between BBOA from the forest

fires and plant biomass in Southeast Asia (i.e., based on
Montecarlo error propagation) is even larger for the SEA-
outflow samples collected along coastal cruise tracks (Δδ13C
≈ δ13CTC‑SEA‑outflow − δ13Cplant ≈ +4.1 ± 1.1‰). The Δδ13C
(δ13CTC‑SEA‑outflow − δ13Cplant) estimated here is more than
those actually predicted to arise from the labile components
(cellulose, starch, and sugars are enriched in 13C by 1.29‰,
2.02‰, and 1.71‰, respectively80) of plant biomass.
Nevertheless, oxidation of these BB-derived POAs during
transport from Southeast Asia to the Bay of Bengal
significantly affects the δ13CTC (i.e., 13C enrichment) and,
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hence, explains the observed higher δ13CTC values for the
SEA-outflow samples collected along the coastal cruise track.
Some SEA-outflow samples are more depleted in 13C
(−26.9‰ to −25.3‰) than the remaining samples, which
also coincide with the lower abundance of total sugar-C, nss-

K+, WSOC, and TC. Additionally, these SEA-outflow samples
also have lower ratios of sugar-C to oxalic acid-C (0.01−0.05;
Figure 2b). Taking together all of these observations, we
attribute that lower δ13CTC in the SEA-outflow is mainly due
to a larger share of SOA over POA and vice versa.

Figure 5. Scatter plots of δ13CTC with levoglucosan (Lev), water-soluble potassium (K+), and water-soluble organic carbon (WSOC) and total
carbon (TC) in biomass burning influenced aerosols collected over (a) the Bay of Bengal, Southeast Asian (SEA)-outflow, (b) Mt. Tai, North
China Plain (N = 89),23 and (c) Rondônia, Brazil (N = 11).24 The concentration of water-soluble K+ over the Bay of Bengal is corrected for the
contribution from sea salts. In the bottom left panel, the encircled data with high TC concentration is the PM2.5 collected very near to both the
Indo-Gangetic Plain and Southeast Asia.
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In BBOAs collected over Mt. Tai in summer, Fu et al.23

have observed an exponential decrease of δ13CTC (∼−22‰ to
−26‰) with an increase in the concentrations of Lev (∼88−
1210 ng m−3). Higher δ13CTC values in their samples
correspond with higher loadings of biogenic SOA tracers.23

This result contradicts the theoretical considerations of stable
carbon isotopic fractionations based on the photochemical
oxidation experiments of biogenic/BB-derived VOCs, which
corroborate the argument that freshly emitted VOCs and
nascent SOA are, in general, depleted in 13C.69,71,74 Thus, we
would expect a lower δ13CTC if the SOA component
dominates TC mass. This is the case for the SEA-outflow
samples collected over the Bay of Bengal during the winter
cruise (Figure 2b), where lower δ13CTC corresponds to lower
concentrations of saccharide-C, nss-K+, WSOC, and TC;
altogether this represents a less aged or f resh SOA (Figure 5a).
It is plausible that there could be a higher photochemical
activity (or oxidation) of biogenic SOA over Mt. Tai in
summer compared to those sampled over the Bay of Bengal in
winter. Thus, higher δ13CTC (i.e., 13C-enriched) values with
the lower atmospheric abundances of Lev, K+, WSOC, and
TC over Mt. Tai (Figure 5b; middle panels) suggest the aged
nature of SOAs. A similar feature is noticeable for the OAs
(Figure 5c; right-side panels) sampled from the Amazonian
forest fires in summer.24 Coincidently, the δ13CTC in
summertime aerosols sampled from Indonesian forest fires is
negatively correlated with TC;81 hence, higher δ13CTC values
with concomitant lower concentrations of saccharide-C, nss-
K+, WSOC, and TC over Mt. Tai, the North China Plain, and
Rondônia, Brazil point to their aged SOA character. Overall,
the relationship between BB tracers and bulk δ13CTC in
wintertime BBOAs are governed by the extent of POA
contribution and their aged character during transport,
whereas photochemical aging of SOAs and their relative
abundances in summer mostly dictate the bulk δ13CTC.

Processes Affecting Stable Carbon Isotopic Compo-
sition of TC. The Keeling plots (Figure 6a−c), depicting
reciprocal TC concentrations versus δ13CTC (i.e., a binary
mixing curve) are in particular useful for understanding the
possible sources/processes affecting the composition of
organic aerosols in the atmosphere. δ13CTC (i.e., on the
ordinate) has exhibited a negative linear relationship with
reciprocal mass concentrations of TC, WSOC and Lev (i.e.,
on the abscissa) for the SEA-outflow. However, such
relationships were absent in the IGP-outflow (Figure S5).
This observation is consistent with air mass trajectories and
MODIS fire count data, which showed a strong impact from
the forest fires in Southeast Asia on PM2.5 sampled over the
Bay of Bengal than those from the crop-residue/wood burning
emission in the IGP-outflow. Therefore, TC in the SEA-
outflow is a combination of contributions from both directly
emitted BBOAs and background organic aerosols (BGOAs)
from the forest fires in Southeast Asia (see eq 7)).

TC BBOA BGOA≈ + (7)

TC C BBOA C BGOA C13
TC

13
BBOA

13
BGOAδ δ δ[ ] ≈ [ ] + [ ]

(8)
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1
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13

BGOA
13

BBOA
13

BBOAδ δ δ δ≈
[ ]

− [ ] +

(9)

The intercepts on the ordinate in Figure 6a−c converge to a
similar number (∼−24‰), which corresponds to the source-
specific δ13C signature of BBOAs in the SEA-outflow
(δ13CBBOA). Because Lev is a pyrolysis product of 13C-
enriched cellulose/hemicellulose (i.e., by up to +4‰ than
bulk biomass, −28‰80), the intercept value (δ13CBBOA) from
the linear relationship of δ13CTC with 1/Lev (Figure 6c) is
similar to those with 1/TC and 1/WSOC (Figure 6a,b),
which overall suggests a larger share of BBOA from the labile

Figure 6. Linear regression analysis between the stable carbon isotopic composition of total carbon (δ13CTC) and reciprocal mass concentrations
of (a) total carbon (TC), (b) water-soluble organic carbon (WSOC), and (c) levoglucosan (Lev). The logarithmic relationship of δ13CTC with
(d) levoglucosan carbon content in TC (Lev-C/TC (%)), (e) levoglucosan carbon content in WSOC (Lev-C/WSOC (%)), and (f) levoglucosan
to nonsea-salt-K+ (Lev/nss-K+) in PM2.5 sampled over the Bay of Bengal during the impact of forest fires in Southeast Asia.
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carbon pool. Therefore, δ13CTC in the SEA-outflow depends
on the proportions of labile versus refractory components of
BB products in Southeast Asia. Additionally, we used Lev-C/
TC (%), Lev-C/WSOC (%), and Lev/nss-K+ in the SEA-
outflow as a surrogate proxy for assessing the relative
contribution of POAs in total BBOAs. Coincidentally, we
observed a similar positive nonlinear trend of Lev-C/TC (%),
Lev-C/WSOC (%), and Lev/nss-K+ with δ13CTC in the SEA-
outflow (Figure 6d−f). Here, an increase in Lev-C/TC, Lev-
C/WSOC, and Lev/nss-K+ with rather a small variability and
higher δ13CTC values advocates for a predominance of POAs
for the coastal ocean aerosols in the SEA-outflow. In contrast,
a decrease in these diagnostic mass ratios corresponds to
lower δ13CTC for the open ocean aerosols in the SEA-outflow,
implying a greater proportion of SOAs (δ13CBGOA).
In general, oxidation of POA during transport often results

in enrichment of 13C. If the forest fires in Southeast Asia
contributed to POA in the SEA-outflow, then we would
expect significant enrichment of 13C for the samples collected
over the remote ocean compared to those over coastal ocean.
In contrast, we witnessed lower δ13CTC for the remote ocean
aerosols than coastal ocean aerosols of the SEA-outflow. This
implies that BB-derived POA in Southeast Asia is not a factor
governing the lower δ13CTC values in the SEA-outflow
sampled over the open ocean waters of the Bay of Bengal.
Alternatively, SOA formation from the VOCs could cause
depletion in 13C.68,74 As a result, BGOAs (i.e., mostly as SOA)
from either IGP- and/or SEA-outflow could be responsible for
the observed lower δ13C in these remote ocean aerosols
collected over the Bay of Bengal.
We have here two possible scenarios: (i) BGOA from the

IGP-outflow are mixed with BBOAs in the SEA-outflow, and
(ii) a relative increase in the contribution of BGOA occurs
compared to BBOA within the SEA-outflow. According to
scenario i, TC from the forest fires in Southeast Asia is BBOA
and all other organic aerosols from the IGP-outflow are
BGOA, which includes both contributions from POA and
SOA. Of these two fractions (i.e., primary versus secondary)
in the IGP-outflow, only the SOA formation causes 13C
depletion of organic aerosols. Therefore, the mixing of this
secondary component in the BGOA from the IGP-outflow
could explain lower δ13CTC (i.e., 13C-depleted) values of the
SEA-outflow. Because of the long distance from the source
emissions in the IGP to distal locations sampled over the
southern Bay of Bengal, oxidation of fresh-SOA in the BGOA
during transport further results in 13C enrichment of TC than
those observed in the IGP-outflow (−24.7‰ to −22.8‰).
Thus, the contribution of BGOA from the IGP-outflow could
not explain the lower δ13CTC in the remote ocean aerosols
from the SEA-outflow (−26.0 ± 0.6‰).
SOA formed via the oxidation of BB-VOCs are more

abundant over the Bay of Bengal compared to those over
source emissions. Although POA fraction dominates the
BBOAs within the forest fires in Southeast Asia, however, the
proportion of SOAs (i.e., condensation of oxidized and BB-
derived labile VOCs) in BBOA increases in the SEA-outflow
during transport. Therefore, the observed linear relationship
between δ13CTC and 1/TC in the SEA-outflow would simply
suggest mixing of BB-derived POAs with BGOAs (i.e., BB-
SOA). According to scenario ii, if fresh-SOA is formed by the
oxidation of VOCs emitted from the forest fires in Southeast
Asia, it should contribute to BGOA that would lead to lower
δ13CTC in the SEA-outflow. In such a case, we should have

more contribution from SOAs over POAs in the BBOAs
sampled in the SEA-outflow. Coincidently, the mass ratio of
total sugar-C to oxalic acid-C (i.e., the surrogate ratio of the
POAs to SOAs; range, 0.01−0.05) decreased from coastal to
remote ocean aerosols in the SEA-outflow (Figure 2b). We
also observed lower mass concentrations of Lev (0.09−0.21
ng m−3) and concomitant rather low δ13CTC (−26.1‰ to
−27.0‰) in the four SEA-outflow samples. The δ13CTC in
these four PM2.5 samples, perhaps representing the significant
contribution from SOA, is lower than other IGP-/SEA-
outflow samples (−25.7 to −22.8‰). Therefore, lower
δ13CTC in the SEA-outflow samples could be explained by
the contribution of SOA formed by the oxidation of VOCs
emitted from the forest fires in Southeast Asia.

■ CONCLUSIONS

We measured the mass concentrations of anhydrosugars,
sugars, and sugar alcohols in marine aerosols over the Bay of
Bengal during the winter period. The diagnostic mass ratios of
sugar compounds with other chemical tracers revealed the
sources of organic aerosols as crop-residue/wood burning
emissions in the continental outflows sampled from the Indo-
Gangetic Plain and forest fires in Southeast Asia. The
molecular distributions of anhydrosugars also clearly showed
differences between continental outflows sampled and,
therefore, could be an ideal choice when examining the
various types of BB. We found that there exists a considerable
geographic variability in the relationship of bulk δ13CTC with
total sugar-C, water-soluble K+, and WSOC and TC for the
different biomass burning influenced aerosols (Bay of Bengal,
winter; Mt. Tai and North China Plain, summer; Rondonia,
Brazil, summer). This could be due to differences in the
relative contributions of BB-derived POAs and SOAs together
with their extent of photochemical aging. We also
demonstrate that application of the Keeling plots (i.e.,
δ13CTC versus 1/TC, 1/WSOC, and 1/Lev) provide source-
specific δ13C values in the continental outflows and, therefore,
are useful when discussing the possible sources and their
processing effects of BBOA.
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campaign in Rondônia, Brazil. J. Aerosol Sci. 2010, 41 (1), 118−133.
(25) Nguyen, D. L.; Kawamura, K.; Ono, K.; Ram, S. S.; Engling,
G.; Lee, C.-T.; Lin, N.-H.; Chang, S.-C.; Chuang, M.-T.; Hsiao, T.-
C.; Sheu, G.-R.; Ou Yang, C.-F.; Chi, K. H.; Sun, S.-A.
Comprehensive PM2. 5 organic molecular composition and stable
carbon isotope ratios at Sonla, Vietnam: Fingerprint of biomass
burning components. Aerosol Air Qual. Res. 2016, 16, 2618−2634.
(26) Wang, G.; Chen, C.; Li, J.; Zhou, B.; Xie, M.; Hu, S.;
Kawamura, K.; Chen, Y. Molecular composition and size distribution
of sugars, sugar-alcohols and carboxylic acids in airborne particles
during a severe urban haze event caused by wheat straw burning.
Atmos. Environ. 2011, 45 (15), 2473−2479.
(27) Chen, J.; Kawamura, K.; Liu, C.-Q.; Fu, P. Long-term
observations of saccharides in remote marine aerosols from the
western North Pacific: A comparison between 1990−1993 and
2006−2009 periods. Atmos. Environ. 2013, 67, 448−458.
(28) Verma, S. K.; Kawamura, K.; Chen, J.; Fu, P. Thirteen years of
observations on primary sugars and sugar alcohols over remote
Chichijima Island in the western North Pacific. Atmos. Chem. Phys.
2018, 18 (1), 81−101.
(29) Simoneit, B. R. T.; Schauer, J. J.; Nolte, C. G.; Oros, D. R.;
Elias, V. O.; Fraser, M. P.; Rogge, W. F.; Cass, G. R. Levoglucosan, a
tracer for cellulose in biomass burning and atmospheric particles.
Atmos. Environ. 1999, 33 (2), 173−182.
(30) Fraser, M. P.; Lakshmanan, K. Using Levoglucosan as a
Molecular Marker for the Long-Range Transport of Biomass
Combustion Aerosols. Environ. Sci. Technol. 2000, 34 (21), 4560−
4564.
(31) Graham, B.; Mayol-Bracero, O. L.; Guyon, P.; Roberts, G. C.;
Decesari, S.; Facchini, M. C.; Artaxo, P.; Maenhaut, W.; Köll, P.;
Andreae, M. O., Water-soluble organic compounds in biomass
burning aerosols over Amazonia 1. Characterization by NMR and
GC-MS. J. Geophys. Res. 2002, 107, (D20), DOI: 10.1029/
2001JD000336.
(32) Yttri, K. E.; Dye, C.; Kiss, G. Ambient aerosol concentrations
of sugars and sugar-alcohols at four different sites in Norway. Atmos.
Chem. Phys. 2007, 7 (16), 4267−4279.
(33) Bauer, H.; Claeys, M.; Vermeylen, R.; Schueller, E.; Weinke,
G.; Berger, A.; Puxbaum, H. Arabitol and mannitol as tracers for the
quantification of airborne fungal spores. Atmos. Environ. 2008, 42
(3), 588−593.
(34) Jia, Y.; Fraser, M. Characterization of Saccharides in Size-
fractionated Ambient Particulate Matter and Aerosol Sources: The
Contribution of Primary Biological Aerosol Particles (PBAPs) and
Soil to Ambient Particulate Matter. Environ. Sci. Technol. 2011, 45
(3), 930−936.
(35) Hennigan, C. J.; Sullivan, A. P.; Collett, J. L.; Robinson, A. L.
Levoglucosan stability in biomass burning particles exposed to
hydroxyl radicals. Geophys. Res. Lett. 2010, 37 (9), L09806.
(36) Sheesley, R. J.; Schauer, J. J.; Chowdhury, Z.; Cass, G. R.;
Simoneit, B. R. Characterization of organic aerosols emitted from the
combustion of biomass indigenous to South Asia. J. Geophys. Res.
2003, 108 (D9), 4285.
(37) Engling, G.; Lee, J. J.; Tsai, Y.-W.; Lung, S.-C. C.; Chou, C. C.
K.; Chan, C.-Y. Size-Resolved Anhydrosugar Composition in Smoke
Aerosol from Controlled Field Burning of Rice Straw. Aerosol Sci.
Technol. 2009, 43 (7), 662−672.
(38) Boreddy, S. K. R.; Parvin, F.; Kawamura, K.; Zhu, C.; Lee, C.-
T. Stable carbon and nitrogen isotopic compositions of fine aerosols
(PM2.5) during an intensive biomass burning over Southeast Asia:
Influence of SOA and aging. Atmos. Environ. 2018, 191, 478−489.
(39) Kang, M.; Fu, P.; Kawamura, K.; Yang, F.; Zhang, H.; Zang,
Z.; Ren, H.; Ren, L.; Zhao, Y.; Sun, Y.; Wang, Z. Characterization of
biogenic primary and secondary organic aerosols in the marine
atmosphere over the East China Sea. Atmos. Chem. Phys. 2018, 18
(19), 13947−13967.

(40) Fu, P.; Kawamura, K.; Miura, K. Molecular characterization of
marine organic aerosols collected during a round-the-world cruise. J.
Geophys. Res. 2011, 116 (D13), D13302 DOI: 10.1029/
2011JD015604.
(41) Zhu, C.; Kawamura, K.; Kunwar, B. Effect of biomass burning
over the western North Pacific Rim: wintertime maxima of
anhydrosugars in ambient aerosols from Okinawa. Atmos. Chem.
Phys. 2015, 15 (4), 1959−1973.
(42) Fu, P.; Kawamura, K.; Barrie, L. A. Photochemical and Other
Sources of Organic Compounds in the Canadian High Arctic Aerosol
Pollution during Winter-Spring. Environ. Sci. Technol. 2009, 43 (2),
286−292.
(43) Theodosi, C.; Panagiotopoulos, C.; Nouara, A.; Zarmpas, P.;
Nicolaou, P.; Violaki, K.; Kanakidou, M.; Sempeŕe,́ R.; Mihalopoulos,
N. Sugars in atmospheric aerosols over the Eastern Mediterranean.
Prog. Oceanogr. 2018, 163, 70−81.
(44) Kawamura, K.; Hoque, M. M. M.; Bates, T. S.; Quinn, P. K.
Molecular distributions and isotopic compositions of organic aerosols
over the western North Atlantic: Dicarboxylic acids, related
compounds, sugars, and secondary organic aerosol tracers. Org.
Geochem. 2017, 113, 229−238.
(45) Cheng, Y.; Engling, G.; He, K. B.; Duan, F. K.; Ma, Y. L.; Du,
Z. Y.; Liu, J. M.; Zheng, M.; Weber, R. J. Biomass burning
contribution to Beijing aerosol. Atmos. Chem. Phys. 2013, 13 (15),
7765−7781.
(46) Fine, P. M.; Cass, G. R.; Simoneit, B. R. Chemical
characterization of fine particle emissions from the fireplace
combustion of wood types grown in the Midwestern and Western
United States. Environ. Eng. Sci. 2004, 21 (3), 387−409.
(47) Sullivan, A. P.; Holden, A. S.; Patterson, L. A.; McMeeking, G.
R.; Kreidenweis, S. M.; Malm, W. C.; Hao, W. M.; Wold, C. E.;
Collett, J. L. A method for smoke marker measurements and its
potential application for determining the contribution of biomass
burning from wildfires and prescribed fires to ambient PM2.5 organic
carbon. J. Geophys. Res. 2008, 113 (D22), D22302 DOI: 10.1029/
2008JD010216.
(48) Schmidl, C.; Bauer, H.; Dattler, A.; Hitzenberger, R.;
Weissenboeck, G.; Marr, I. L.; Puxbaum, H. Chemical character-
isation of particle emissions from burning leaves. Atmos. Environ.
2008, 42 (40), 9070−9079.
(49) Li, J.; Wang, G.; Aggarwal, S. G.; Huang, Y.; Ren, Y.; Zhou, B.;
Singh, K.; Gupta, P. K.; Cao, J.; Zhang, R. Comparison of
abundances, compositions and sources of elements, inorganic ions
and organic compounds in atmospheric aerosols from Xi’an and New
Delhi, two megacities in China and India. Sci. Total Environ. 2014,
476−477, 485−495.
(50) Kuo, L.-J.; Louchouarn, P.; Herbert, B. E. Influence of
combustion conditions on yields of solvent-extractable anhydrosugars
and lignin phenols in chars: Implications for characterizations of
biomass combustion residues. Chemosphere 2011, 85 (5), 797−805.
(51) Lee, T.; Sullivan, A. P.; Mack, L.; Jimenez, J. L.; Kreidenweis,
S. M.; Onasch, T. B.; Worsnop, D. R.; Malm, W.; Wold, C. E.; Hao,
W. M.; Collett, J. L. Chemical Smoke Marker Emissions During
Flaming and Smoldering Phases of Laboratory Open Burning of
Wildland Fuels. Aerosol Sci. Technol. 2010, 44 (9), i−v.
(52) Lea-Langton, A. R.; Baeza-Romero, M. T.; Boman, G. V.;
Brooks, B.; Wilson, A. J. M.; Atika, F.; Bartle, K. D.; Jones, J. M.;
Williams, A. A study of smoke formation from wood combustion.
Fuel Process. Technol. 2015, 137, 327−332.
(53) Echalar, F.; Gaudichet, A.; Cachier, H.; Artaxo, P. Aerosol
emissions by tropical forest and savanna biomass burning: Character-
istic trace elements and fluxes. Geophys. Res. Lett. 1995, 22 (22),
3039−3042.
(54) Shafizadeh, F. Introduction to pyrolysis of biomass. J. Anal.
Appl. Pyrolysis 1982, 3 (4), 283−305.
(55) Gao, S.; Hegg, D. A.; Hobbs, P. V.; Kirchstetter, T. W.; Magi,
B. I.; Sadilek, M. Water-soluble organic components in aerosols
associated with savanna fires in southern Africa: Identification,
evolution, and distribution. J. Geophys. Res. 2003, 108 (D13), 8491.

ACS Earth and Space Chemistry Article

DOI: 10.1021/acsearthspacechem.9b00140
ACS Earth Space Chem. 2019, 3, 1471−1484

1483

http://dx.doi.org/10.1029/2001JD000336
http://dx.doi.org/10.1029/2001JD000336
http://dx.doi.org/10.1029/2011JD015604
http://dx.doi.org/10.1029/2011JD015604
http://dx.doi.org/10.1029/2008JD010216
http://dx.doi.org/10.1029/2008JD010216
http://dx.doi.org/10.1021/acsearthspacechem.9b00140


(56) Urban, R. C.; Lima-Souza, M.; Caetano-Silva, L.; Queiroz, M.
E. C.; Nogueira, R. F. P.; Allen, A. G.; Cardoso, A. A.; Held, G.;
Campos, M. L. A. M. Use of levoglucosan, potassium, and water-
soluble organic carbon to characterize the origins of biomass-burning
aerosols. Atmos. Environ. 2012, 61, 562−569.
(57) Fine, P. M.; Cass, G. R.; Simoneit, B. R. T. Chemical
Characterization of Fine Particle Emissions from Fireplace
Combustion of Woods Grown in the Northeastern United States.
Environ. Sci. Technol. 2001, 35 (13), 2665−2675.
(58) May, A. A.; Saleh, R.; Hennigan, C. J.; Donahue, N. M.;
Robinson, A. L. Volatility of Organic Molecular Markers Used for
Source Apportionment Analysis: Measurements and Implications for
Atmospheric Lifetime. Environ. Sci. Technol. 2012, 46 (22), 12435−
12444.
(59) Hoffmann, D.; Tilgner, A.; Iinuma, Y.; Herrmann, H.
Atmospheric Stability of Levoglucosan: A Detailed Laboratory and
Modeling Study. Environ. Sci. Technol. 2010, 44 (2), 694−699.
(60) Bikkina, S.; Andersson, A.; Ram, K.; Sarin, M. M.; Sheesley, R.
J.; Kirillova, E. N.; Rengarajan, R.; Sudheer, A. K.; Gustafsson, Ö.
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