
PNAS  2023  Vol. 120  No. 8  e2210005120� https://doi.org/10.1073/pnas.2210005120   1 of 7

Black carbon aerosols over Indian Ocean have unique source 
fingerprint and optical characteristics during monsoon season
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Effects of aerosols such as black carbon (BC) on climate and buildup of the monsoon 
over the Indian Ocean are insufficiently quantified. Uncertain contributions from various 
natural and anthropogenic sources impede our understanding. Here, we use observations 
over 5 y of BC and its isotopes at a remote island observatory in northern Indian Ocean 
to constrain loadings and sources during little-studied monsoon season. Carbon-14 
data show a highly variable yet largely fossil (65 ± 15%) source mixture. Combining 
carbon-14 with carbon-13 reveals the impact of African savanna burning, which occa-
sionally approach 50% (48 ± 9%) of the total BC loadings. The BC mass-absorption 
cross-section for this regime is 7.6 ± 2.6 m2/g, with higher values during savanna fire 
input. Taken together, the combustion sources, longevity, and optical properties of BC 
aerosols over summertime Indian Ocean are different than the more-studied winter 
aerosol, with implications for chemical transport and climate model simulations of the 
Indian monsoon.

air pollution | black carbon | long-range transport | Asian aerosol

Aerosols remain one of the largest uncertainties in our current understanding of Earth’s 
climate system (1). Within the chemically complex aerosol mixture, black carbon (BC) 
plays an important role as it is likely the most significant component that absorbs sunlight 
and thereby contributes to direct climate warming—in contrast to the overall cooling 
effect of aerosols. Furthermore, BC is also a cloud condensation nuclei (CCN), making 
BC–cloud interactions an additional modulator of climate impact, potentially countering 
the direct effects (2). The climate effects of BC remain highly uncertain, reflecting poorly 
constrained emission sources, optical properties, atmospheric transport, and aerosol–cloud 
interactions (2–4). Given its mean lifetime of around a week, the climate impact of BC 
is largely regional, and vast emissions from hotspot regions like South Asia and Africa may 
perturb both regional climate and the South Asian monsoon system over extensive scales 
of the northern Indian Ocean, with potentially devastating effects on the regions’ agricul-
ture and freshwater supply.

Despite its relatively short lifetime, BC is still ubiquitously observed far afield in the 
wider receptor regions of global emission hotspot regions such as those of South Asia, 
China, and Africa (Fig. 1). The vast expanse of the Indian Ocean makes the cumulative 
climate effects in this region comparably large. Meanwhile, the aged aerosol regime in this 
region may have different sources and aerosol properties compared with more well-studied 
anthropogenic emission hotspot regions. A major uncertainty in the climate effect of BC 
is related to the poorly constrained emission sources, with uncertainties typically exceeding 
a factor of two (5). These effects propagate when modeling climate effects in more remote 
areas since geographical emission footprint can be very large, while more local sources 
may have unproportionally large effects (5, 6). Another major source of uncertainty for 
BC is the variability in its light-absorption properties, (often reported as the mass- 
absorption coefficient; MAC), especially after aging and coating, induced during long-
range transport (3, 7). While there have been substantial efforts focused on constraining 
this parameter, including changes from fresh BC particles to mixed states, or potential 
source-related differences, there appear to be large and poorly understood differences 
between geographical domains and physicochemical states with insufficient observations 
in the large-scale receptor systems of the Indian Ocean especially during the summer 
monsoon season (2, 3, 8, 9).

Observation-based source apportionment of BC based on carbon isotope (Δ14C and 
Δ13C) techniques have been particularly informative as they combine high analytical 
precision with high source specificity (6, 10–12). Other source apportionment techniques 
for BC, such as molecular, ionic, and optical, are hampered by the fact that these indirect 
tracers are not part of the intrinsic BC chemical domain, and are just inferred by corre-
lation, and thus are not conservative source tracers. In contrast, isotope techniques 
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conducted on thermochemical isolates of the actual BC fraction 
have been found powerful in various regions such as South Asia 
(10, 12, 13), East Asia (14, 15), and the Arctic (16–18) but not 
yet in the monsoon-forming summer season of South Asia.

Here, we use the Maldives Climate Observatory at Hanimaadhoo 
(MCOH) as a boreal summer large-scale receptor site in the Indian 
Ocean. The same site has been used in several studies to investigate 
the South Asian outflow for the winter season (6, 10, 19). This 
study focus on the much less investigated summer period, to char-
acterize a geographically and compositionally different aerosol 
regime that is likely of greater relevance for the regionally impor-
tant monsoon system of South Asia. Combining aerosol chemistry 
(carbonaceous components and inorganic ions) with carbon iso-
tope and optical properties with air mass transport analysis, facil-
itates to resolve compositional source regimes—with diverse 
implications (e.g., on the ecosystem, agriculture productivity, 
visibility, global warming)—for this vast marine domain during 
five full summer monsoon seasons.

Results and Discussion

Atmospheric Transport. During the boreal summer (austral 
winter) the air mass-flow patterns over the northern Indian Ocean 
is mainly governed by southerly winds (7, 20, 21) (Fig. 1). During 
this time, the intertropical convergence zone is at its northernmost 
location, bringing monsoon rains to the South Asian region. Back-
trajectory (BT) analysis for MCOH for the five summers of the 
present campaign agrees well with this climatological large-scale 
circulation pattern (SI Appendix, Fig. S3). During this time, the 
air was transported primarily from the central Indian Ocean and 
the Arabian Sea to the sampling site, yet also with some limited 
contact with anthropogenic sources (e.g., coastal areas, ocean 
traffic) during the 15 d prior to arrival (SI Appendix, Fig. S1).

Monsoon Season (Boreal Summer) Aerosol Composition. 
Atmospheric aerosols interact with clouds and influence the 
hydrological cycle, e.g., by acting as CCN. The aerosol composition 
during the summer season (Indian monsoon) in the northern 
Indian Ocean was investigated using a combined analysis of BC, 

organic carbon (OC), inorganic ions, and meteorological wind 
patterns (Table 1). Throughout the sampling period, BC and OC 
concentrations in PM2.5 were 0.02 to 0.92 µg m−3 (average: 0.15 ±  
0.15 µg m−3) and 0.04 to 1.25 µg m−3 (average: 0.29 ± 0.25 µg 
m−3), respectively (Fig. 2). BC concentrations were three times 
higher in Arabian air masses (0.25 ± 0.19 µg m−3) than air masses 
stemming for the preceding 15 d from over the Indian Ocean 
(0.10 ± 0.12 µg m−3) (Fig. 2). Overall, the mass concentrations of 
the carbonaceous aerosols are here constrained to be four to five 
times lower in the summer period than during the winter when 
high-pollution air masses are consistently brought to the region 
with northern air masses from the Indo Gangetic Plain (7, 13).

Particulate matter is either directly emitted or formed in the 
atmosphere as secondary inorganic aerosols and secondary organic 
aerosols. We found SO4

2− was the most abundant inorganic ion 
species, followed by Cl−, Na+, Ca2+, NH4

+, K+, NO3
−, and Mg2+. 

Higher concentrations of nss-SO4
2− and NH4

+ were associated 
with air masses from India’s western and southern parts compared 
with when air masses spend more time over the ocean.

The ratios and correlations of different aerosol species provide 
information on sources and their atmospheric process. A corre-
lation was observed between BC and OC (SI Appendix, Table S4: 
R2 = 0.6, P <0.01), which is lower than what is typically observed 
at MCOH during the dry winter period South Asian outflow 
regime. This likely reflects a more mixed source regime over the 
summertime Indian Ocean. The OC to BC ratios varied greatly 
from 0.6 to 9.7 (average: 3.4 ± 1.9) at MCOH (Fig. 2), likely 
affected by variability in both emission sources and in the pro-
cessing during long-range transport (7, 19, 22). The nss-K+ / 
BC is particularly high when the air masses stem from Australia 
and Africa (Fig. 3 and SI Appendix, Fig. S2), where biomass 
burning is common during the summer monsoon (11, 23). The 
mass ratios of NO3

−/nss-SO4
2− were 0.1 + 0.2, indicating a more 

significant contribution of nss-SO4
2−. A good correlation of 

nss-SO4
2− with NO3

− indicates that maritime transportation 
(sea traffic) may be another source of SO4

2−. This indicates that 
biomass burning emissions and maritime transportation may 
both affect the aerosol composition over the northern Indian 
Ocean.

Fig. 1. Map depicting average AOD (AOD550) from May to October (2013 to 2017). Black arrows indicate constrained air mass transport pathways to the MCOH 
in the northern Indian Ocean.D
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Dual Carbon-Isotope-Based Source Apportionment of BC in 
Monsoon-Season. The carbon-14 signature of BC can be used 
with high specificity and precision to constrain the fraction of 
BC stemming from biomass burning versus from fossil fuel 
combustion, Eq. 1. The isotope fingerprints for the five summers 
of the present study (Fig.  3) establishes a contribution from 
biomass burning of 35 ± 15%, with values ranging between 10% 
and 67% (SI Appendix, Table S1). This BC source apportionment 
for the summer monsoon season are both much more variable and 
more fossil than what is observed at the MCOH receptor region 
during the dry winter periods when the air masses predominantly 
represent the outflow from the Indian subcontinent (55 ± 5%) 
(6, 10, 12, 19). This demonstrates that the summertime Indian 
Ocean represents a quite different, and more fossil, BC source 
regime. The fossil contribution to BC likely comes from a mixture 
of ultimately land-based sources in South India, Arabia, and from 
at-sea traffic (e.g., shipping) on the Indian Ocean.

By combining these carbon-14 signatures with stable carbon 
(δ13C) isotope signatures, we can further refine the source 

contributions, by differentiating the biomass component into the 
fractions from C3 and C4 plants, Eq. 2. The C3 are found in most 
biomes, while C4 mainly grows in semidry, warm regions like 
savannas, and is also in certain agricultural crops (e.g., maize and 
sugarcane). Throughout the period, C3 and fossil emissions dom-
inate the sources of BC over the region (94 ± 2%). However, 
during three events both the Δ14C and δ13C signatures are simul-
taneously enriched in heavy isotopes, signaling an increase in 
relative contribution from incomplete combustion of C4 plants/
residues. Markov chain Monte Carlo (MCMC) simulations shows 
that during these events the C4 source fraction is contributing 22 
to 29% of the BC loading (Fig. 4).

A geographically resolved source apportionment of the dif-
ferent BC emissions is achieved by combining the source 
apportionment results with 15-d air mass transport back tra-
jectory analysis. First excluding the three unusual and specific 
savanna-burning events with elevated C4 contributions, we 
investigate if there are significant differences in the isotopic 
signatures of the two main air mass clusters: the Indian Ocean 

Table 1. Summary of aerosol parameters for the total summer period and for different airmass origins during the 
present Indian Ocean monsoon season campaigns. Mass absorption cross-section (MAC) of BC, the concentration 
of BC and OC, and various ionic concentrations in PM2.5 were measured at the MCOH for two different 15-d air mass 
source sectors during the boreal summer (May to October 2013 to 2017)

BC
(µg m−3)

BC-MAC678
(m2 g−1)

OC
(µg m−3)

nss-SO4
2−

(µg m−3)
NO3

−

(µg m−3)
nss-K+

(µg m−3)
NH4

+

(µg m−3)

Summer 0.2 ± 0.2 7.6 ± 2.5 0.3 ± 0.3 1.1 ± 1.0 0.1 ± 0.1 0.1 ± 0.2 0.2 ± 0.2

Arabian Sea 0.3 ± 0.2 6.2 ± 1.2 0.4 ± 0.3 1.4 ± 1.1 0.1 ± 0.2 0.2 ± 0.3 0.3 ± 0.3

Indian Ocean 0.1 ± 0.1 8.3 ± 2.6 0.2 ± 0.3 0.8 ± 0.6 0.1 ± 0.1 0.2 ± 0.1 0.1 ± 0.2

Fig. 2. Temporal patterns in PM2.5 carbonaceous aerosol concentrations, elemental ratios, and optical properties during the summer/monsoon seasons of 
2013 to 2017 for airmasses intercepted at MCOH. Panel A shows OC and OC/BC ratio while Panel B shows BC and BC-MAC at 678 nm. Horizontal and vertical 
line bars indicate one-SD. Vertical color-shaded fields indicate roughly the two key geographical source regions based on cluster back trajectory analysis: gray 
(Arabian Sea), and blue (Indian Ocean).D
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(Δ14C = −588 ± 121‰; δ13C = −26.2 ± 0.8‰) and the Arabian 
Sea (Δ14C = −689 ± 126‰; δ13C = −25.7 ± 1.1‰). A t test 
analysis (two-tailed, heteroscedastic) suggests there are no sig-
nificant differences for either isotope signature. Thus, the 
incoming air from the Indian Ocean and the Arabian Sea may 
be considered to be highly variable, but have similar emission 
source profiles.

Moving on to the three events with elevated contributions from 
incomplete combustion of C4 plants, there may be two overall 
source types in this region causing enrichment in 13C: SB emis-
sions and anthropogenic emissions from C4 agricultural crops. In 
wintertime MCOH, contributions from the burning of sugarcane 
(a C4 plant) in southern India have been shown to be a small, but 
significant contributor to BC received over MCOH and thus the 

Fig.  3. Two-dimensional carbon isotope plot for BC intercepted at MCOH during summer/monsoon season. The colored symbols—circles, squares, and 
diamonds—represent summer samples for source clusters Indian Ocean; the Arabian Sea, and African savanna, respectively. The colors of these symbols 
represent the different years, according to the color bar. The black triangles represent, for comparison, winter-period data from 2012 and 2016 (6, 12). The 
colored boxes show the endmember (source-specific isotope values): fossil; C3 plants and C4 plants (size of box represents mean ± SD). The yellow “savanna” 
box represents an observation-based estimate of the isotopic values for savanna vegetations (27).

Fig. 4. Fractional source contributions to summer/monsoon BC from C3 plants (green), C4 plants (orange), and fossil sources (black). The error bars (one SD) 
were calculated using MCMC simulations. Vertical color-shaded fields indicate roughly three 15-d back trajectory source sectors: gray (Arabian Sea, AS), blue 
(Indian Ocean, IO), and green (influence by savanna burning, SB).D
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northern Indian Ocean (6). A common feature for the three spe-
cific summer-period events discussed here, however, is that for 
none of the BTs computed during the aerosol collection times 
(every 3 h, for filter collections of 1 to 2 wk) had the air mass 
passed over India, or belong to the Arabian Sea cluster. It is there-
fore unlikely that the BC in these summer-period samples are 
affected by anthropogenic activities in South Asia.

Savanna fires are therefore a more likely source of the 
C4-influenced BC for these three events. Surrounding the Indian 
Ocean are two regions with reoccurring savanna fires: Australia 
and sub-Saharan Africa. Analysis of overall aerosol optical depth 
(AOD) (Fig. 1) and sample-specific fire spot detections (FIRMS) 
suggests that during the boreal summer of the present study 
period, there are virtually no savanna fires (using AOD as a proxy) 
in Australia (which are more common in austral spring), while 
there are large-scale fires in southern Africa. Plumes from such 
have been reported to disperse eastbound over the southern Indian 
Ocean (“rivers of smoke”) (23). A clear seasonal pattern (July to 
November) of pollution originating from biomass-burning plumes 
located in Africa and Madagascar has been established by both 
remote and in-situ observations of trace gases such as by measure-
ments at the Reunion Island, southwest Indian Ocean (24, 25, 
26). During the boreal summer when the intertropical conver-
gence zone is at its northernmost point, it is conceivable that this 
pollution is intercepted and recorded by the measurements 
achieved at MCOH. It is therefore plausible that the events with 
elevated Δ14C and δ13C signatures reflect emissions from savanna 
fires in sub-Saharan Africa. This is also supported by analysis of 
satellite-based fire spot detection (FIRMS), which during specific 
sampling periods of the three elevated samples show clear fire 
signals in Africa, but not in Australia (SI Appendix, Fig. S6).

The relative contributions of C4 plants to the total vegetation 
mass in savannas may be highly variable. However, as a guiding 
estimate, a value of 50% has been suggested for eastern Africa 
(27). Using this value, we can obtain a rough estimate of the 
fraction of BC from savanna fires by dividing the fraction C4 with 
this number. During the three events with elevated carbon isotope 
signatures, the fraction from savanna fires was thus substantial 
and ranged from 42 to 58%. This conclusion is also supported by 
an increasing C3 contribution during these events. This shows 
what a strong perturbation the emissions of BC from savanna fires 
in southern Africa may be—intercepted roughly 2,000 km away 
in the northern Indian Ocean—and that this earth system process 
has at times a large influence on the aerosols during the summer 
monsoon season.

An additional implication of the current study is that a sub-
stantial fraction of BC aerosols over the Indian Ocean has resi-
dence times exceeding 2 wk. The dual-isotope source 
apportionment yield that about one-third of the BC aerosols stems 
from biomass combustion, yet the extended back trajectory anal-
yses suggest that the receiving air masses have resided over the 
ocean for the 15 d prior to arrival to the MCOH receptor location. 
Since biomass combustion must have occurred over land, this 
substantial biomass combustion fraction of the BC must have 
residence times exceeding 2 wk. This finding has implications for 
how BC aerosol residence time may be described in atmospheric 
chemistry and climate models, at least for the South Asian – Indian 
Ocean region.

The Mass Absorption Coefficient (MAC) of BC over Monsoon-
Season Indian Ocean. The mass-absorption cross-section (MAC) 
is a key parameter in Mie calculations (proportional to the 
imaginary refractive index) and thereby for estimating the direct 
climate forcing of BC. The optical properties of BC in the ambient 

atmosphere is difficult to constrain using remote sensing, with 
large geographical and atmospheric processing variability (3, 4). 
Here, we find that during the whole five-summer observation-
based study period, the measured BC MAC678 was 7.6 ± 2.6 m2 
g−1 (mean ± SD), with a range from 4.0 to 10.6 m2 g−1 for the 
Indian monsoon season (SI Appendix, Fig. S5). The MAC may 
vary depending on sources but is also likely affected strongly by 
the internal mixing or coating state of the BC particles (9, 28), 
such that the MAC is enhanced (increases) with different types 
of coatings (3). Here, we do not find any clear relations between 
the MAC and loadings of inorganic ions or OC (SI Appendix, Fig. 
S8), suggesting an unresolved influence on the MAC. However, 
we do find a tendency that the MAC increase with the fraction 
C4 (SI Appendix, Fig. S3). This suggests that the BC from savanna 
fire emissions may be more strongly absorbing than from other 
sources of aerosols to the Indian Ocean during the monsoon 
buildup phase, and therefore should be treated carefully when 
parameterizing large-scale atmospheric and climate models.

Taken together, this observation-based study, covering five full 
summer seasons at a remote Indian Ocean island observatory, 
demonstrates that the BC aerosol over the Indian Ocean has a 
different source fingerprint and different optical properties than 
earlier studied aerosol regimes from the wintertime continental 
outflow. The differences in chemical and light absorption proper-
ties of BC in summertime versus in winter may have repercussion 
both on the accuracy of current estimates of both aerosol radiative 
forcing and the effect of the aerosols in affecting the buildup of 
the Indian monsoon over the northern Indian Ocean during the 
summertime, with cascading effect on multiple environmental 
system operations in South Asia, such as rainfall.

Methods

Aerosol Sample Collection. The observatory campaign presented here were 
performed at MCOH (Lat 6.78°N long 73.18°E) during five summer monsoon 
seasons (May-October, 2012 to 2017) (Fig. 1). MCOH has been used for a diverse 
set of aerosol and radiation studies over its continual operation since 2004, yet 
very few studies focused on the summer period (7, 10, 20, 29, 30). Aerosol filter 
samples (PM2.5: Particulate Matter < 2.5 µm aerodynamic diameter) were col-
lected at the top of the observatory tower (15 m height). For this study, a total of 
178 aerosol samples were collected on precombusted (450 °C) 150-mm diameter 
quartz filters (Millipore) using a high-volume sampler (DIGITEL Elektronik AG, 
Model DH77 at 500 L/min). Blank filters were shipped, stored, and processed 
identically as samples.

Measurement of Aerosol Carbon Speciation and Concentrations. The mass 
concentration of elemental carbon (EC, here referred to as BC), OC, and total 
carbon (TC = EC + OC) were measured with a thermal-optical transmission ana-
lyzer (Sunset Laboratory), using the National Institute for Occupational Safety and 
Health (NIOSH-5040) method (31, 32). After sample collection, filters were used 
for the chemical analysis using standard protocols and appropriate techniques 
(6, 12, 33). No detectable signal was observed for the BC in field blanks (n = 20). 
The OC concentration values were blank corrected by subtracting an average field 
black (5% of sample signals).

CO2 isolation of BC Fraction and Subsequent ∆14C and δ13C Analysis. The BC 
was isolated from the filter sample via thermal-optical analysis and evolved CO2 
for the BC fraction was purified online and collected using a cryotrap as detailed 
elsewhere (34, 35). Analysis of the dual-carbon signature of δ13C and ∆14C pro-
vides direct insight into major BC emission source categories. Twenty aerosol 
samples were chosen to determine BC isotopic composition from receptor filters 
representing air masses arriving from constrained geographic regions around 
the Indian Ocean based on 15 d of air mass back trajectories (SI Appendix, Table 
S1). The CO2 evolved from the BC combustion in the aerosol filter was diverted 
and purified online through magnesium perchlorate and silver wool traps to 
remove water and halogen-containing gases, respectively. Subsequently, it was D
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cryotrapped in liquid nitrogen followed by flame sealing in precombusted glass 
tubes. The CO2 in the glass ampoules was converted to graphite and analyzed for 
radiocarbon and stable carbon isotopic composition at the Ångström Laboratory, 
Department of Nuclear Physics, Uppsala University, Sweden. The relative con-
tribution to BC from biomass burning and fossil fuel combustion sources was 
calculated with an isotopic mass-balance equation

	 [1]

Here, ∆14Cobs represents the radiocarbon signature in ambient samples. 
∆14Cfossil is −1,000‰, as it is completely depleted in 14C. The ∆14C of annual 
plants represented the signature of CO2 for the collection year. In addition to ∆14C, 
the BC fingerprint was further distinguished by including the δ13C signature in 
the analysis using the following isotopic mass balance relation (6, 11):

	 [2]

where, the δ13C signature allows us to differentiate the fraction biomass into C3 
plants (most terrestrial plants, e.g., trees and rice and wheat) and C4 plants (e.g., 
sugarcane and many savanna grasses), such that fbio = fC3 + fC4. The fossil source 
may also be divided into different components, with different δ13C signatures 
(e.g., liquid fossil; coal combustion or gas flaring; refs. 6, 12 and 22). However, a 
recent detailed analysis suggests that the main source at the current observation 
sites, the isotopic mixture, is dominated by the mixture of C3 plants, C4 plants, and 
liquid fossil (including at-sea shipping) (6). The stable carbon isotopic signatures for 
these sources (endmembers) were set to be: δ13Cfossil = −25.5 ± 1.3‰, δ13CC3 = 
−27.1 ± 2‰, δ13CC4 = −13.1 ± 1.2‰. A Bayesian approach was used to account 
for the variability in the end members, and the results were calculated through 
MCMC simulations (SI Appendix, Table S2 and S3), using MATLAB version R2019b.

Absorption Measurements. The link between atmospheric concentration and 
direct radiative forcing by BC is its mass absorption cross-section (MAC). The laser 
beam (678 nm) of the Sunset Laboratory aerosol carbon analyzer was used to 
measure the light-attenuation [ATN = −ln(I/I0)] of the aerosols on the filter (36). 
The MACBC of BC is calculated as (37):

	 [3]

where R is the correction for nonlinearity emerging when measuring light absorp-
tion through a filter:

	 [4]

Here MS is an empirical multiple scattering correction factor implemented 
in most filter loading correction schemes. Here, a factor of 4.5 was chosen to 
estimate the multiple scattering effects. We used a screening protocol for our 
calculated MAC values: data points where the BC loadings were less than three 

times the estimated loading uncertainties (as the signal-to-noise was too low), 
while data points where ATN > 1 were also removed (to ensure the validity of the 
ATN correction term Eq. 4). All-in-all 33% of the data points were screened using 
this approach. The MACs for the screened data typically generated unrealistically 
high (>20 m2/g) or low (<2 m2/g) values. Uncertainties of the calculated MACs 
were generated through Monte Carlo-based error propagation, assuming the BC 
loading uncertainties are normal distributed.

Water-Soluble Ion Analysis. A portion of each aerosol filter was extracted with 
Milli-Q to analyze water-soluble inorganic ions (Na+, K+, Ca2+, Mg2+, NH4

+, Cl−, 
SO4

2−, NO3
−) using Ion Chromatograph (IC, Dionex Aquion). The system contains 

a guard column and an anion–cation separator column with a primary exchange 
resign and suppressor column (AERS500/CERS 500). The cation eluent consisted 
of methane sulfonic acid solution (20 mM), and the anion eluent consisted of 
sodium carbonate (Na2CO3) and sodium bicarbonate (NaHCO3) solutions (1 M) 
prepared in distilled water. Quality assurance was performed based on field 
blanks, laboratory-produced test samples, and certified reference standards 
(Merck, ~1,000 ppm). Random error calculated from the analysis of synthetic 
samples in a batch and given as one-SD was 8% for cations and 5% for anions. All 
filter-based collected samples contained a certain amount of sea salt.

Air Mass Back-Trajectories and Remote Sensing. Various air mass source 
regions affected the sampling during BS, allowing a broad air mass clas-
sification (6,171 trajectories). The sampling site (MCOH) encountered air 
masses from multiple geographical areas during the BS (SI Appendix, Figs. 
S1 and S2). Fifteen-day air mass trajectories were generated from MCOH at 
an arrival height of 50 m, computed every 3 h, using the National Oceanic 
and Atmospheric Administration (NOAA) Hybrid Single-Particle Lagrangian 
Trajectory model (version 4). These individual trajectories were clustered into 
six geographical regions. Overall, we use these cluster analysis results to dis-
cuss BC’s relative contribution over MCOH from various geographical domains. 
The MODIS (Moderate Resolution Imaging Spectroradiometer) satellite-de-
rived FIRMS (Fire Information for Resource Management System)-based fire-
count data were combined with cluster analysis to understand the impact of 
biomass burning emissions from potential source regions during the sampling 
period (SI Appendix, Fig. S2). The meteorological parameters were obtained 
from the Hanimaadhoo meteorological station (SI Appendix, Fig. S4), fulfilling 
the World Meteorological Organization standards (38).

Data, Materials, and Software Availability. The data on isotopic signatures 
of ambient BC, MAC, and source fraction of BC using MCMC simulations are 
provided in the SI Appendix. All other data are included in the article and/or SI 
Appendix.
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