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[1] Atmospheric Brown Clouds (ABC), regional-scale haze events, are a significant concern
for both human cardiopulmonary health and regional climate impacts. In order to effectively
mitigate this pollution-based phenomenon, it is imperative to understand the magnitude,
scope and source of ABC in regions such as South Asia. Two sites in S. Asia were chosen for
a 15-month field campaign focused on isotope-based source apportionment of carbonaceous
aerosols in 2008–2009. Both the Maldives Climate Observatory in Hanimaadhoo
(MCOH) and a mountaintop site in Sinhagad, India (SINH) act as regionally mixed receptor
sites. Annual radiocarbon-based source apportionment for soot elemental carbon (SEC) at
MCOH and SINH revealed 73 � 6% and 59 � 5% contribution from biomass combustion,
respectively (remainder from fossil fuel). The contributions from biogenic/biomass
combustion to total organic carbon were similar between MCOH and SINH (69 � 5% and
64 � 5, respectively). The biomass combustion contribution for SEC in the current study,
especially the results from MCOH, shows good agreement with published black carbon
emissions inventories for India. Geographic source assessment, including clustered back
trajectory analysis and carbon contribution by source region, indicated that the highest
SEC/TOC loads originated from the W. Indian coastal margin, including the coastal city
of Mumbai, India. The winter dry season 14C-based source apportionment of the BC-tracing
SEC fraction for 2006, 2008, 2009 were not statistically different (p = 0.7) and point to a
near-constant two-thirds contribution from biomass combustion practices, including wood
and other biofuels as well as burning of agricultural crop residues.
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1. Introduction

[2] The high concentration of atmospheric particles during
the dry season in South Asia has large implications both for
human health and the regional climate [Ramanathan et al.,

2001; U. N. Environmental Programme (UNEP), 2008].
An important component of the particulate matter in S. Asia
is black carbon (BC), formed from incomplete combustion
from such diverse sources as wood burning, cooking, motor
vehicle exhaust, coal combustion and residual crop burning.
BC is a strong absorber of sunlight: heating the atmosphere,
dimming the surface and potentially altering regional
hydrological cycles [Menon et al., 2002; Ramanathan and
Carmichael, 2008]. The phenomenon of highly polluted air
masses, particularly with high BC levels, has been termed
Atmospheric Brown Clouds (ABC) due to their regional
distribution and impact [Ramanathan and Crutzen, 2003].
While investigating the ABC phenomenon, there have been
attempts to determine the relative impact of various com-
bustion sources on total BC concentrations and climate
forcing. It has been demonstrated that pollution from dif-
ferent combustion sources, as implied from BC-to-sulfate
ratios and BC-to-organic-carbon (OC) ratios, can have
unique solar absorption efficiencies [Kirchstetter et al.,
2004; Sandradewi et al., 2008; Ramana et al., 2010]. Thus
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an investigation of source contribution is highly relevant in
determining both the impact of and mitigation strategy for
BC as a short-lived climate forcer.
[3] The region of South Asia has a population and an

economy that is rapidly growing and changing [Pucher
et al., 2007]; this causes transitions in both technology and
social demographics, which ultimately will have significant
impacts on BC and OC emissions [Bond et al., 2004; Cole
and Neumayer, 2004; Venkataraman et al., 2005; O’Neill
et al., 2010]. For example, there is rapid motorization
demonstrated in India, particularly in urban areas [Pucher
et al., 2007]. Many previous studies have reported on BC
and TOC concentrations in the ABC over S. Asia [Novakov
et al., 2000; Lelieveld et al., 2001; Dickerson et al., 2002;
Mayol-Bracero et al., 2002; Neusuess et al., 2002; Corrigan
et al., 2006; Rengarajan et al., 2007; Stone et al., 2007;
Gustafsson et al., 2009; Ram and Sarin, 2009; Granat et al.,
2010]. Previous source apportionment and emissions
inventory studies in the region have reported a wide range
of biomass/biofuel burning contributions to BC [Lelieveld
et al., 2001; Dickerson et al., 2002; Bond et al., 2004;
Stone et al., 2007; Lawrence and Lelieveld, 2010]. Because
of the high potential for changes in emission sources and
ambient concentrations, there is great value in continued
long-term monitoring of both ambient levels and sources of
carbonaceous aerosols in this rapidly changing region.
[4] The climate implications of BC emissions in S. Asia

are considered of global importance, but the dynamics of the
particulate carbon system are not well understood. There
continue to be questions about the magnitude of BC emis-
sions from S. Asia and the source provenance of those
emissions [Lawrence and Lelieveld, 2010]. Previous efforts
have estimated a wide range of possible contributions from
biomass/biofuel burning and fossil fuel combustion which
vary by campaign, by analytical methodology and by source
apportionment technique [Novakov et al., 2000; Lelieveld
et al., 2001; Dickerson et al., 2002; Mayol-Bracero et al.,
2002; Salam et al., 2003; Stone et al., 2007]. Natural abun-
dance radiocarbon (14C) measurements offer an opportunity
to quantitatively resolve between fossil fuel and modern
biomass combustion sources of atmospheric BC [Szidat
et al., 2006; Gustafsson et al., 2009; Lawrence and Lelieveld,
2010]. In a first short-term application of the 14C technique
to S. Asian aerosols, two fractions of BC were isolated from
dry season samples at observatories located in the northern
Indian Ocean and in W. India [Gustafsson et al., 2009]. The
advantage of the 14C approach is that it has well-constrained
end-member values spanning a large dynamic range (fossil
carbon has no 14C while contemporary carbon has a well-
defined 14C/12C). Furthermore, the 14C/12C ratio is an intrinsic
property of the carbonaceous aerosol, which in contrast to
molecular or elemental source tracers, is independent of
concentration. For TOC, the fraction biomass naturally
includes particulate matter from primary biogenic emissions,
biomass combustion and secondary organic carbon from both
biogenic and biomass combustion precursors. The fraction
fossil (i.e., 1 – fraction biomass) for TOC reflects both fossil
fuel combustion and secondary organic carbon from fossil
precursors. In contrast, for BC, the fraction biomass can only
arise from biomass combustion and the fossil contribution is
likewise solely due to fossil fuel combustion.

[5] The same radiocarbon source apportionment protocol
used in the short-duration pilot study [Gustafsson et al.,
2009] is employed in the current study but with a signifi-
cantly expanded timeline and enhanced geographic source
assessment. There is a clear need to constrain statistically
the year-round-averaged sources of S. Asian aerosols in this
transitioning region, as well as the inter-annual variability
for the dry period (the key season for high loadings and
environmental impacts). The current study comprehensively
covers a 15 month period at two regional receptor sites in
South Asia: Maldives Climate Observatory-Hanimaadhoo
(MCOH) and Sinhagad, India (SINH). These sites were
chosen as regional receptors with limited local influence
and significant historical data set of BC concentrations.
The majority of two dry seasons (2008 and 2009) and a
single monsoon season are included in this 15 month period.
Concentration and 13C/14C-based source apportionment
of total organic carbon (TOC) and soot elemental carbon
(SEC) [Zencak et al., 2007;Gustafsson et al., 2009; Andersson
et al., 2011], a recalcitrant component of the BC continuum
[Elmquist et al., 2006], are presented. In addition to chemical-
isotopic characterization, geographic source referencing com-
bining back trajectory analysis with mean concentration has
been accomplished to determine whether differences exist in
emission source contributions from spatially resolved source
regions in S. Asia.

2. Methods

2.1. Description of Sampling Sites

[6] Fifteen months-long ambient sampling campaigns
were conducted at two regional receptor sites of the Atmo-
spheric Brown Cloud (ABC) Programme (http://www.rrcap.
unep.org/abc/) in South Asia: The Maldives Climate
Observatory – Hanimaadhoo (MCOH: lat 6.78�N long
73.18�E) and Sinhagad, India (SINH: lat 18.35�N long
73.75�E). MCOH is located on the isolated northern tip of
the small island of Hanimaadhoo (6.5 � 0.73 km), one of
the northernmost islands of the Republic of the Maldives.
MCOH is operated jointly by the Government of the
Maldives (Environmental Protection Agency) and the UNEP-
ABC Programme. This northern Indian Ocean site is ideally
situated away from any significant local sources. In the winter
dry period it is downwind of the Indian subcontinent,
including Pakistan, India and Bangladesh. SINH is located at
Sinhagad Fort, 1400 m above sea level and is operated by the
Indian Institute of Tropical Meteorology (Pune, India). SINH
is a high altitude site, representing primarily regionally mixed
sources from west to central India with additional influence
from the Indo-Gangetic Plains to the northeast. Both MCOH
[Corrigan et al., 2006; Ramana and Ramanathan, 2006;
Adhikary et al., 2007; Holecek et al., 2007; Stone et al., 2007;
Gustafsson et al., 2009; Granat et al., 2010; Ramana et al.,
2010; Sheesley et al., 2011] and SINH [Momin et al., 2005;
Gustafsson et al., 2009; Budhavant et al., 2011; Coz and
Leck, 2011; Raju et al., 2011], are frequently used for stud-
ies of S. Asian aerosols.

2.2. Sampling Program

[7] With the objective of apportioning aerosol sources,
high-volume sampling of the total suspended particulate
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matter (TSP) was conducted at each site from January 2008
to April 2009 using identical custom-built systems. TSP
does not have a distinct size cut, but roughly collects parti-
cles 100 microns and less. These consisted of both a high-
volume line, intended primarily to obtain sufficient amounts
for 14C analysis of various aerosol carbon fractions, and
a low-volume line used for detailed concentration mea-
surements. The high-volume sampling train operated at 14–
19 m3 h�1 and collected TSP on 140 mm quartz fiber filters
(Tissuquartz filters from Pall Gelman). The low-volume
sampling train operated at 9–12 l/min and collected TSP
on 47 mm quartz fiber filters (Tissuquartz filters from
Pall Gelman).
[8] Sampling duration at MCOH was approximately one

week during the non-monsoon periods and two weeks dur-
ing monsoon season. The more polluted SINH site was
maintained at a near-constant 1 week sampling duration.
This provided complete and synoptic coverage for nearly
15 months at both sites. Two sampling systems were oper-
ated at each site to ensure back-up for the continuous
observations. Prior to the campaign, quartz fiber filters were
pre-baked at 450�C for 12 h and individually stored in alu-
minum foil packets in double Ziploc bags in the freezer.
Filter blanks were collected roughly once per month for each
site (i.e., after every 2–4 samples), alternating sampling
systems. All filters were kept in cold storage, preceding
and following sampling in order to minimize contamination
from organic compounds sorbing to the filter. For shipping,
samples were encased in a third, sealed plastic bag to mini-
mize contamination. All blanks were shipped, stored and
processed in an identical manner as the samples.

2.3. Carbon Concentration

[9] Briefly, for TOC quantification, 2–6 punches (diame-
ter = 0.48 cm) of each filter were placed in pre-baked silver
capsules and then acidified with 1M hydrochloric acid. The
capsules were then dried and analyzed for total organic
carbon using an elemental analyzer interfaced with an iso-
tope ratio mass spectrometer. This elemental analysis was
performed by the Stable Isotope Facility at the University of
California-Davis and the Stable Isotope Laboratory (Dept.
of Geosciences) at Stockholm University. All reported TOC
results were blank subtracted using an average filter blank
for each site. For MCOH, the TOC blank (2.3 � 1.8 sd,
mg cm2; n = 7) was 3% of the average filter loading. Trip-
licate analysis was done on every sixth filter. The relative
standard deviation of the average of the triplicate analyses
for TOC at MCOH was 3% (one outlier excluded). For
SINH, the filter blank (2.9 � 1.6 sd, mg cm2; n = 11) was
also 3% of the average loading and the relative standard
deviation of triplicate analysis was 5%. The minimum
detection limit was calculated across both sites as the aver-
age filter blank plus one standard deviation.
[10] The SEC content was determined using chemo-

thermal oxidation at 375�C [Gustafsson et al., 1997;
Elmquist et al., 2006; Zencak et al., 2007]. Sixteen punches
(diameter = 0.48 cm) of each 140 mm filter were placed in
silver capsules and then heated at 375�C for 18 h under
active airflow. The samples were then processed the same
as the TOC: acidified, dried and analyzed by elemental
analysis-isotope ratio mass spectrometry. All reported SEC

results were blank subtracted using a campaign-average
filter blank (central value 0.7 � 0.6 sd, mg cm2; n = 19).
For SEC, blank levels were dominated by in-lab method
contamination as opposed to field contamination as in the
TOC blanks. The blank was 16% of the average filter load-
ing, however there was a large range of measured filter
loadings with high SEC during the dry season (average
5.4 mg cm2) and very low SEC during the wet season
(average 1.8 mg cm2). Triplicate analysis was done roughly
every sixth filter. The relative standard deviation of the
triplicate analysis was 15%.
[11] Relative standard deviation for elemental analysis

was <1%. Uncertainty for carbon analysis was calculated
as average blank plus relative standard deviation of all trip-
licate analysis. This was calculated based on sample loading,
not final concentration.

2.4. Carbon Isotopes Analysis

[12] For the accelerator mass spectrometry measurement
of the ambient radiocarbon signal of TOC and SEC, the
140 mm filters were cut and composited to give 100–300 mg
of carbon for SEC and 150–500 mg of carbon for TOC.
Individual samples were analyzed for January–March 2008
and November–December 2009, two weeks were compos-
ited for April, four-six weeks were composited for May–
October and two-four weeks were composited for January–
April 2009 for TOC. The SEC compositing was roughly
three weeks during non-monsoon winter and six-ten weeks
during transitional and monsoon seasons. A detailed list for
the compositing and the isotopic results are included in the
auxiliary material (Tables S4 and S5 in Text S1).1 Sub-sam-
pling was designed such that equal mass of carbon were
combined within each composite group to ensure that each
filter sample was equally represented in the isotopic compo-
sition. For the TOC, these filter sections were then acidified
in a desiccators over HCl and dried in a drying oven. For
SEC, filter sections were placed in an aluminum boat and
subjected to the chemothermal oxidation treatment followed
by acidification in a desiccator as for TOC. The dried aerosol
filters for 14C analysis of TOC and SEC components were
shipped to the U.S.-NSF National Ocean Sciences Acceler-
ator Mass Spectrometry Facility (NOSAMS) in pre-baked,
sealed glass petri dishes, as in previous studies [Gustafsson
et al., 2009]. Radiocarbon is reported from NOSAMS as
Fmodern (Fm). All radiocarbon results have been blank cor-
rected using a site-specific filter blanks from MCOH and
SINH with average 0.5 mg cm2 loading per blank. The SEC
blank for this campaign used a combination of filter blanks
from MCOH and SINH which gave a Fm of 0.384 � 0.007,
similar to the SEC blank result from the 2006 (Fm = 0.33 for
MCOH and Fm = 0.33 SINH). For TOC, the MCOH blank
used for correction was Fm = 0.696� 0.009, while the SINH
blank was Fm = 0.571 � 0.012. The Fm of the SINH blank
was confirmed by a second filter blank (Fm = 0.607� 0.003)
and parallels the Fm of previously published 14C TOC
blanks (0.79 [Bench and Herckes, 2004]; 0.57 [Gustafsson
et al., 2009]).

1Auxiliary materials are available in the HTML. doi:10.1029/
2011JD017161.
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Figure 1. (a) Clustered 6-hourly, 5-day back trajectory means for Hanimaadhoo, Maldives (MCOH)
Jan 08–Mar 09 (total n = 1744). The cluster means are colored to depict seasonal differences: winter
is red (Jan, Feb, Dec); winter transition months are purple (Mar, Nov); pre- and post-monsoon are green
(Apr, May, Oct); and monsoon is blue (Jun–Sept). (b) Source region classification for clustered back
trajectories by month with seasons marked at bottom by colored dots.
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[13] The carbon isotope results are presented in the paper
using established protocols for presentation of carbon isotope
results [Stuiver and Polach, 1977]. Briefly, stable carbon
isotope results are presented as d13C, the isotope ratio
(13C/12C) of the sample relative to that of Vienna PeeDee
Belemnite, while radiocarbon results are presented as an
isotope ratio (14C/12C), normalized to a d13C of �25‰, rel-
ative to the NBS Oxalic Acid I standard as fraction modern
(Fm), and decay corrected [Stuiver and Polach, 1977; Zencak
et al., 2007].

2.5. Radiocarbon-Based Source Apportionment

[14] The Fm reported by NOSAMS is first converted
to D14C using the following equation:

D14Csample ¼ 1000 * Fmodern*e
1=8267ð Þ* 1950�2008ð Þ � 1

� �
: ð1Þ

[15] To calculate the contribution of modern biomass to
TOC and SC during this study, a mass balance equation
is used with D14C = �1000‰ as the end-member for fossil
carbon andD14C = +199‰ for modern biomass [Mandalakis
et al., 2005; Zencak et al., 2007; Gustafsson et al., 2009]. The
modern biomass end-member (D14Cbiomass = +199) replicates
an earlier study [Gustafsson et al., 2009]. Briefly, it is based
on relative contribution of wood fuel (83% at D14C =
+225‰) and dung plus crop waste (17% at D14C = +70‰)
from BC emission inventories for biomass burning in India
[Venkataraman et al., 2005]. However, this may introduce
some bias to TOC which may include biogenic emissions
(primary and secondary); fresh biogenic emissions will have
a lower D14C than the �30 year old woody biomass which
dominates the combustion contributions. A sensitivity anal-
ysis of the impact of modern biomass end-member on the
fbiomass has been previously published [Gustafsson et al.,
2009]. Using the D14Csample and the fossil and biomass end-
members, the fbiomass is then calculated using the relation-
ship below:

D14Csample ¼ D14Cbiomass * fbiomass þD14Cfossil * 1� fbiomassð Þ:
ð2Þ

2.6. Duration and Mass Normalization
of Annual Averages

[16] The sampling was continuous with individual sam-
ples comprising a range from three to eighteen days. In order
to account for this difference in the duration of the samples
when calculating the annual and seasonal averages, a simple
normalization was applied. The impact of using the 2008
versus 2009 winter in the annual average has been explored
in the Supplemental Materials section S1, but for all annual
averages in the text the 2008 average is used. The concen-
tration averages were normalized by the sample volume,
which tracks sample duration:

Cj ¼
X

i
Civi

� �
=

X
i
vi

� �
ð3Þ

where vi is the sampled air volume for sample i, Ci denotes
either the concentration of TOC or SEC, and Cj is the
volume-normalized average concentration. These normalized

concentration averages were used both in the seasonal and
annual average concentrations reported herein, but also as
the input concentration for the sample composites used in
the Fm normalization and averaging. The radiocarbon
averages were normalized by the composite sample con-
centration and duration:

Fj ¼
X

i
CiFiti

� �
=

X
i
Cjti

� �
ð4Þ

where Fi is the Fm for composite i, Ci denotes either the
normalized concentration of TOC or SEC, t is the sampling
duration and Cj is the normalized average concentration.
Seasonal averaging was designed to parallel seasons deter-
mined from back trajectory analysis, when possible.

2.7. Back Trajectory Analysis

[17] Five-day back trajectories (BTs) were completed for
MCOH and SINH every 6 h for the entire 15 month cam-
paign using the NOAA HYSPLIT software v4.9 (R. R.
Draxler and G. D. Rolph, HYSPLIT (HYbrid Single-Particle
Lagrangian Integrated Trajectory) Model access via NOAA
ARL READY Website, accessed January 2010, http://ready.
arl.noaa.gov/HYSPLIT.php). These individual trajectories
were then clustered by month using HYSPLIT, to demon-
strate the seasonal trends in source region impacts at each
site. The trajectory cluster results are included in the sup-
plementary materials. The cluster means were mapped using
indiemapper online mapping software (http://indiemapper.
com/) by Axis Maps LLC (http://www.axismaps.com/).
Population density for Pakistan, India and Bangladesh was
used as the base map for the trajectory clusters at each site
(Figures 1 and 2). This data is courtesy of Center for Inter-
national Earth Science Information Network, Columbia
University (Gridded Population of the World Version 3
(GPWv3), Population Density Grids, http://sedac.ciesin.
columbia.edu/gpw, accessed 30 August 2011).
[18] The authors acknowledge that the HYSPLIT model

has inherent uncertainties including the modeling of terrain
height due to the smoothing of complex topography and
course resolution in the meteorological model output used to
calculate back trajectories. In addition the meteorological
model data used to run HYSPLIT hasn’t been evaluated
at the MCOH and SINH, therefore the results are taken as
representative of general trends.

2.8. Geographic Source Assessment

[19] The clustering analysis of the BTs show that the air
passing MCOH and SINH during the 2008–2009 campaign
can be divided into a few main geographical source regions
for each site. By combining the BT analysis with ambient
concentration data, it can be determined whether SEC/TOC
levels follow any geographical patterns. Such investigations
can be done using potential source contribution function
analysis or potential emission sensitivity calculations [Zeng
and Hopke, 1989; Seibert and Frank, 2004]. However,
they typically utilize long-term data sets with higher time
resolution; the current data has a weekly/bi-weekly time
resolution. Therefore, potential links between SEC/TOC
loadings and geographical origins of the air masses are
examined using a measure of the mean TOC or SEC con-
centration in air from a given geographical source region,
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Figure 2. (a) Clustered 6-hourly, 5-day back trajectory means for Sinhagad, India (SINH) for Jan 08–
Mar 09 (total n = 1768). The cluster means are colored to depict seasonal differences: winter is red
(Jan, Feb, Dec, Nov); winter transition months are purple (Mar, Apr, Oct); pre- and post-monsoon
are green (May, Sept); and monsoon is blue (Jun–Aug). (b) Source region classification for clustered back
trajectories by month with seasons marked by colored dots.
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defined by cluster analysis of BTs. A similar approach was
used by Khan et al. [2010]. The mean concentration is
computed as the mean of TOC or SEC weighted by the
fraction air originating from a certain source cluster and the
sampling duration:

CSRj ¼
X

i
Ciwjiti

� �
=

X
i
wjiti

� �
ð5Þ

where wji is the fraction wind originating from source cluster
j for sample number i, Ci denotes the concentration of TOC
or SEC, t is the sampling duration, and CSRj is the mean
concentration for cluster j.
[20] Since the monsoon season over the Indian subconti-

nent typically is dominated by winds from the Indian Ocean,
this geographic analysis was restricted to the dry season. To
exclude small or local variations a cut-off for the fractional
influence of certain wind directions was introduced. For
MCOH only time points where the summed fractions of air
from the BT clusters Bay of Bengal, South India, West India
and the Central and W. Arabian Sea exceeded 95% are
included in the analysis. This condition is valid for 62% of
the total sampling time and 67% of all MCOH samples.
For SINH the analysis includes BT clusters for East India,
North India, NW India and Pakistan and the Central and W.
Arabian Sea. This condition holds for 79% of the total
sampling time. To test whether the mean concentration
calculated for each source cluster is significantly different
than the total mean value for either TOC or SEC, unpaired
one-sided T-tests were made.

3. Results and Discussion

3.1. Back Trajectories

[21] Comprehensive back trajectory analysis for both
MCOH and SINH was used to characterize the source regions
for air masses impacting the 2008–2009 campaign. In addi-
tion, population density for Pakistan, India and Bangladesh
has been incorporated in Figures 1 and 2 as a proxy for
anthropogenic impacts on different BT source regions.
3.1.1. MCOH
[22] The seasonal progression of five-day BT-based air

masses is clearly seen with the winter months originating
in and around the Indian sub-continent and the summer
monsoon air masses originating in the South Indian Ocean
(Figure 1a). For the East India clusters, it is reasonable
to assume that the Bay of Bengal is heavily impacted by
outflow from the Indo-Gangetic Plain (IGP) sources,
including high urban emissions from activities associated
with regional megacities as well as from rural biomass
burning including agricultural and residential practices. This
is illustrated by select trajectories from January 2008 and
January–February 2009, which can be seen to extend into
the IGP (Supplemental Materials). All the Bay of Bengal,
East and South Indian BTs also cross densely populated
areas of South India in transit to MCOH.
[23] In Figure 1b, a bar graph has been employed to

depict the dominant source regions impacting MCOH over
the 15-month campaign. The definition of the seasons is
based on the BT analysis and is unique for MCOH and
SINH. As is expected from the S. Asian monsoon system,

the air mass movements showed remarkable stability in
the different seasons. This is shown in the January–March
clusters, as this time period shows distinct similarity for the
two consecutive years of this study. In general, each season
has a dominant (i.e., greater than 50%) source region in the
cluster analysis. During the dry season from December–
January, Bay of Bengal (IGP outflow), East and South
Indian source regions have the dominant impact on air
masses at MCOH. The W. Indian Margin dominates the
clustered back trajectories for November and February,
March–April and October are dominated by air masses from
the Central and W. Arabian Sea and May–September pre-
dominantly experiences air masses from the South Indian
Ocean. This analysis is particularly relevant for determining
regional differences in sources within S. Asia, i.e., emission
source differences between Bay of Bengal/IGP, East India
and W. Indian Margin.
[24] Additionally, information can be gleaned about poten-

tial impact from the village of Hanimaadhoo on the MCOH
measurements. The field site is located on the northern-most
tip of the island and there are no back trajectories from the
southeast quadrant. Therefore local impact from the airfield
at the southern tip of the island or the combustion-related
emissions from the village is limited. However, local impact
from oceangoing vessels north of the island cannot be ruled
out. Recent studies modeling the impact of sulfur emissions
from ships highlight a corridor of ship traffic between
Hanimaadhoo and India, which may periodically impact the
site [Righi et al., 2011].
3.1.2. Sinhagad
[25] The trajectory classification for SINH reveals the

same general trend as seen in MCOH, with dry season air
masses originating in the Indian subcontinent and then a
shift to Central and W Arabian Sea/South Indian Ocean
origin in the monsoon season (Figure 2). However, com-
pared to MCOH, there are a few key differences revealed in
the SINH BT analysis. There is a shorter period of impact
from Indian Ocean-dominated air masses (Figure 2; June–
August). During the transition and early dry season, there is
a North India influence at SINH (October–December). This
switches to East India in January and then NW India and
Pakistan in February–March. Similar to MCOH, the Central
and W. Arabian Sea influence dominates in March–May and
September. For SINH, no cluster means of back trajectories
originate from the south quadrant during this 15 month
period. At MCOH, all East India and Bay of Bengal air
masses cross the southern tip of India, whereas BTs from
East and North India cross the less populated central India
prior to arrival at Sinhagad and have a shorter transit time.
Interestingly, both MCOH and SINH see the most impact
from the IGP/East and North India during the onset of the
dry season at each site (November–December at SINH,
December–January at MCOH), but the source region then
shifts to NW India and Pakistan (SINH) and W. Indian
Margin (MCOH) as the dry season progresses.
3.1.3. Back Trajectory Heights
[26] The five-day BT heights in the dry season (December–

February) are primarily below the Marine Atmospheric
Boundary Layer (MABL) as reported in the literature for the
Bay of Bengal and Arabian Sea [Alappattu et al., 2008; Sinha
et al., 2011]. Figure 3 gives an example of the BT heights
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during Jan 2008 at both sites; since the MCOH starting height
of 10 m above ground level is roughly the same as the above
sea level altitude, the height has been plotted in both m
and pressure (hPa). There are instances where the BTs rise

above the reported average MABL (400–800 m above sea
level), however these do not represent the dominant trend.
In addition, these higher BTs do fall within the continental
India mixing layer height of 1–3 km reported during the

Figure 3. (a) Heights in m (above ground level, AGL) and hPa for 5-day NOAA HYSPLIT back trajec-
tories from (b) Hanimaadhoo, Maldives (MCOH) and (c) Sinhagad, India (SINH). Average marine atmo-
spheric boundary layer heights (MABL) of 400–800 m are depicted. Published continental boundary layer
heights are 1–3 km for Dec–Feb for southeastern, eastern and western Indian cities [Basha and Ratnam,
2009; Kumar et al., 2011].
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dry season for southeastern India [Basha and Ratnam, 2009]
and eastern and western India [Kumar et al., 2011]. With
respect to Figure 1, the mean monthly BT clusters for MCOH
dominantly travel over the Bay of Bengal, Arabian Sea

and Indian Ocean; this makes the MABL height the most
relevant. BT heights for SINH in hPa clearly illustrate that
typically the airflow rises to the mountain site from lower
elevations, dominantly staying below the average continental

Figure 4. (a and c) Total organic carbon (TOC) and (b and d) soot elemental carbon (SEC) at Hanimaadhoo,
Maldives (Figures 4a and 4b) and Sinhagad, India (Figures 4c and 4d). The current study covers 2008–9,
with 2006 values previously reported [Gustafsson et al., 2009]. BDL is below detection limit, NA indicates
not available. Error bars represent uncertainty.
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mixing layer height of 1–3 km (�900–700 hPa). BT heights
for all months at both sites have been included in the
auxiliary material.

3.2. Ambient Concentration of Aerosol
Carbon Fractions

3.2.1. Annual Trends
[27] The regional meteorology in S. Asia is driven by

the monsoon cycle, which controls annual precipitation
patterns and seasonal particulate matter concentrations in
both the source regions (India, Bangladesh and Pakistan)
and the receptor regions (Maldives and the Indian Ocean)
[Lawrence and Lelieveld, 2010]. Concentrations are elevated
in the dry season and then drop precipitously during the
monsoon season due to rainout and influx of “clean”
air from the Southern Indian Ocean (Figure 1). The current
15-month data set of carbonaceous aerosol concentration for
MCOH and SINH reflect known seasonal variation for the
region of South Asia [Corrigan et al., 2006; Stone et al.,
2007; Ram and Sarin, 2009; Ram et al., 2010]. In general,
SEC analysis results in lower concentration than elemental
carbon estimated by thermal optical transmittance [Hammes
et al., 2007; Zencak et al., 2007; Gustafsson et al., 2009].
The SEC may be regarded as a “macrotracer” of BC; no
single method can quantify the entire BC continuum without
artifacts but this SEC technique has been demonstrated to
isolate the recalcitrant/soot end of the BC spectrum with-
out inducing/including any significant artifacts [Gustafsson
et al., 2001; Elmquist et al., 2006; Hammes et al., 2007;
Han et al., 2011]. Furthermore, the annual trends for this
recalcitrant form of BC, presented here, mimic previously
published data sets for other operational definitions of
BC for the S. Asian region [Corrigan et al., 2006; Stone
et al., 2007].
3.2.1.1. MCOH
[28] The dry season ABC, evidenced by sharp increases in

TOC and SEC, commences in November at MCOH and
continues through February (Figures 1 and 4). Extremely
low concentrations of TOC persist at MCOH during mon-
soon season from June–October (�0.4–0.8 mg m�3,
Figures 1 and 4). Even with the long sampling times, there is
variability in the TOC and particularly the SEC concentra-
tions. The relative standard deviation is lower for the sea-
sonal averages versus the annual averages for all but the
post-monsoon transition (Oct-Nov), when the ABC is being

established. The SEC concentrations for 2006, 2008 and
2009 (Figure 4) are predominantly in the range of 0.08–
0.2 mg m�3 for January–February and are not significantly
different when compared via a two-tailed, heteroscedastic
Student’s t-test (p = 0.67). Relative differences in the SEC to
TOC ratio may indicate differences in source contributions,
combustion conditions or atmospheric aging. Table S1 in the
auxiliary material Text S1 gives the seasonal and annual
averages for TOC, SEC and the SEC to TOC ratio. The dry
season average from 2008 (7.5%) is much higher than 2009
(2.8%) and 2006 (3.3%) [Gustafsson et al., 2009]. Since
SEC is recalcitrant black carbon and likely produced at high
combustion temperatures, low temperature biomass com-
bustion would be expected to have lower SC:TOC ratios;
this will be discussed further in Section 3.3.1.
3.2.1.2. Sinhagad
[29] At the SINH site in western India, the seasonal aver-

age concentrations for TOC and SEC are two-four times
higher than MCOH (Figure 4). The monsoon impact
on particulate matter concentration is also much shorter
in duration. The TOC and SEC concentrations in the post-
monsoon period quickly increase from 3.6 mg m�3 in
September to 6.2 mg m�3 in the second week of October for
TOC and from 0.1 to 0.3 mg m�3 for SEC. For SINH, the
SEC to TOC ratio remains more stable than seen at MCOH
(auxiliary material Table S1 in Text S1). The March 2006
SEC to TOC [Gustafsson et al., 2009] is more similar to the
dry season ratio for the current campaign (3.5%) than the
pre-monsoon (4.8%). This indicates minor yearly differ-
ences in the onset of monsoon season. The SEC for 2006,
2008 and 2009 for January–April at SINH are in the range of
0.2–0.7 mg m�3 and not significantly different at a 95%
confidence interval (p = 0.15).
3.2.2. Geographic Source Assessment During
the Winter Dry Season
[30] The geographic assessment examines whether the

source region, as tracked by clustered BTs, impacts the
receptor site TOC and SEC concentrations and the SEC
to TOC ratio. The mean concentrations and carbon trends
from the geographic source assessment are summarized in
Table 1 and Figure 5. Overall, significant differences were
found to differentiate source regions as compared to the
mean dry season concentrations (Table 1). In general, the
significance for TOC is higher as compared to the results for
SEC, most likely reflecting a larger range in concentrations

Table 1. Mean Concentrations of TOC and SEC by Geographical Source Regions During the Dry Season (CSR)
a

Cluster CTOC (mg/m3) TOC CSR (mg/m3) pj,TOC CSEC (mg/m3) SEC CSR (mg/m3) pj,SEC

MCOH
Dry season mean 2.1 0.11
Bay of Bengal 3.9 0.001 0.15 0.08
South India 2.1 0.50 0.08 0.12
W India Margin 2.3 0.32 0.15 0.05
Central and W Arabian Sea 1.2 0.006 0.08 0.10

SINH
Dry season mean 8.6 0.33
North India 8.9 0.44 0.33 0.49
East India 10.8 0.07 0.35 0.36
NW India and Pakistan 11.2 0.05 0.45 0.03
Central and W Arabian Sea 5.4 0.005 0.23 0.04

aThe p values are also given for difference from dry season means (CTOC and CSEC) by site.
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Figure 5. Correlation plots by geographic source region for Hanimaadhoo, Maldives (MCOH) and
Sinhagad, India (SINH). (a) Bay of Bengal, (b) South India, (c) W. Indian Margin and (d) Central
and W. Arabian Sea are for MCOH, while (e) East India, (f) North India, (g) NW India and Pakistan,
and (h) Central and W. Arabian Sea are for SINH. The triangle in Figure 5e was considered an outlier
and removed from analysis. r2 is the Pearson’s correlation coefficient.
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for TOC. In addition the correlation between SEC and TOC
is higher for SINH (Figure 5).
[31] For TOC at MCOH the concentrations are signifi-

cantly higher for air originating from the Bay of Bengal,
3.9 mg/m3, as compared with the mean dry season MCOH
levels of 2.1 mg/m3. This is expected considering the air over
the densely populated IGP is vented into the Bay of Bengal,
as discussed in Section 3.1.1. In contrast, air from the
Central and W. Arabian Sea has a significantly lower con-
centration, 1.2 mg/m3, compared with the mean MCOH
dry season. The TOC associated with the Central and
W. Arabian Sea region at MCOH has a much lower con-
centration of TOC (1.2 mg/m3), than the similarly sourced
TOC at SINH (5.4 mg/m3). However, the air originating
from the Central and W. Arabian Sea passes the densely
populated region of Mumbai before arriving at SINH. This
underscores the difficulty with generalizing the source
regions, as the precise routes of transport can have a large
impact on concentrations at a given monitoring site.
[32] Air arriving at SINH from NW India and Pakistan

and East India has significantly higher TOC concentrations,
10.8 and 11.2 mg m�3compared to the mean dry season
concentration of 8.6 mg m�3. In contrast, the TOC from
the Central and W. Arabian Sea is significantly lower,
5.4 mg m�3. The TOC associated with the Central and
W. Arabian Sea BTs could be influenced by ship emissions,
or land-based sources from transport longer than five days.
For SEC, similar trends are found, with higher loadings in
air from NW India and Pakistan, 0.45 mg m�3, and lower for
the Central and W. Arabian Sea, 0.23 mg m�3. The SEC in
air from East and North India are not significantly different
from the mean dry season concentration of 0.33 mg m�3.
[33] This analysis was also used to examine the SEC to

TOC ratio for the different BT source clusters (Figure 5).
Using linear regression the SEC to TOC ratios for air
arriving at SINH from East India, North India and NW India
and Pakistan were �0.034 with Pearson’s correlation coef-
ficients in the range of 0.84 ≤ r2 ≤ 0.94. The same ratio for
air from the Central and W. Arabian Sea, disregarding one
outlier, is 0.053, with r2 = 0.85. As discussed in the pre-
ceding paragraphs, the Central and W Arabian Sea BTs for
SINH likely incorporate transit over and impact from
Mumbai, whereas the Central and W. Arabian Sea BTs
for MCOH are oceanic over the five-day time horizon.
For MCOH, the W. Indian Margin had the highest correla-
tion (r2 = 0.45) and a SEC to TOC ratio of 0.05, which most
closely parallels the Central andWArabian Sea ratio for SINH.

3.3. Radiocarbon-Based Source Apportionment
and Stable Carbon Isotope Results

[34] Fifteen months of continuous radiocarbon-based
source apportionment was achieved for both TOC and SEC
components at MCOH and SINH, providing a unique look at
the emission source contributions for these S. Asian aerosols
(Figure 6). Annual and seasonal averages of the Fm and
fraction biomass (by radiocarbon source apportionment) are
provided in Table 2.
3.3.1. MCOH
[35] Source apportionment for the year-round campaign

of continuous sampling at MCOH revealed that the contri-
bution of biomass combustion to SEC in the Maldives is
very consistent, particularly during the dry season (with one

single exception in January 2009, Figure 6). Annual-average
biomass combustion contribution to SEC is 73 � 6% at
MCOH. The relative standard deviation (r.s.d.) for the
annually integrated radiocarbon results (8%) is much lower
than the r.s.d. for the annual SEC concentration (86%). This
illustrates a consistency in the relative contribution of fossil
versus biomass combustion sources throughout the year,
indicating that intermittent sources do not dominate the
regional SEC load. This is further supported by the d13C,
which also shows high stability for the annual campaign
with an annual average of �21.5 � 1.4‰ (auxiliary material
Table S3 in Text S1). The dry season biomass contribution
to SEC is the same as the annual average (73 � 6%). Since
the bulk of the mass of SEC that reaches MCOH arrives
during the dry season, the annual average is dominated by
this dry season biomass combustion. The low SEC to TOC
ratio reported in Section 3.2.1.1 for January 2009 corre-
sponds with season-high biomass contribution for SEC of
84% (auxiliary material Table S4 in Text S1). MCOH has a
higher contribution from biomass burning to SEC during the
monsoon season (June–September), with a maximum 89%
biomass burning contribution during Jun 2008 (Figure 6).
[36] For TOC, the biogenic and biomass combustion

contribution is also very consistent through the year at 69 �
5%. There are a few small differences in carbon isotopic
composition between the SEC and TOC. The annual-
average biomass contribution for TOC is lower than for
SEC at MCOH. The range for seasonal average biomass
contribution is broader for TOC (13%) than SEC (7%),
while the standard deviation is much lower for TOC (1–4%).
This is reflective of the impact of seasonal changes in
emission sources and geographic source regions. Both TOC
and SEC have lower biomass contribution during the dry
season and higher biomass contribution during the monsoon
season at MCOH. Ambient concentrations are very low
during the monsoon season at MCOH, due to the Southern
Indian Ocean source region and rainout of particulate matter.
However, it may be that this distinct summer signal repre-
sents a relatively larger contribution from local sources as
prevailing winds and rain scavenging limit any putative
long-range transport of PM that prevail in other periods. For
MCOH, it is feasible that local biomass burning (including
open garbage disposal), primary and secondary biogenic
aerosols are larger contributors in the summer monsoon
season when the aerosol loading is low.
[37] The d13C signature of aerosol TOC and SEC

(auxiliary material Table S3 in Text S1) is influenced by the
source signature of biogenic and anthropogenic aerosols and
atmospheric processing of volatile organic carbon. Source
variability is exemplified by the mean d13C values observed
for C3 and C4 plants (�27‰ and �13‰, respectively
[Smith and Epstein, 1971]), marine phytoplankton (�21‰
[Miyazaki et al., 2011]), traffic emissions (�25–28‰
[Huang et al., 2006; Widory, 2006; López-Veneroni, 2009;
Agnihotri et al., 2011]) and coal (�24‰ [Widory, 2006],
�21.75 � 0.05‰ [Agnihotri et al., 2011]). Oxidation of
volatile organic carbon to form secondary aerosols results
in a particulate reaction product depleted in 13C relative to
the starting material, while oxidation of the aerosol phase
may contribute to d13C enrichment by preferential removal
of lighter carbon isotopes [Aggarwal and Kawamura, 2008;
Wang et al., 2010]. The yearly mean d13C signature for
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MCOH is �21.5 � 1.4‰ for SEC and �22.8 � 0.87‰ for
TOC, with no clear pronounced annual trend (Tables S3).
3.3.2. Sinhagad
[38] The annual average biomass contribution to SEC at

SINH was 59 � 5%, with a consistent biomass burning
predominance throughout the year. SINH is routinely lower
in biomass contribution than MCOH (annual average 73 �
6%). In comparing the BT analysis between sites, MCOH
experiences greater impact from South India during the dry
season; all the East India BTs cross South India enroute to
MCOH. In contrast, the SINH BTs, which also often origi-
nate in East India during the dry season, cross central India
before reaching SINH. Additionally, many of the BTs which
originate in NW India and Pakistan cross Mumbai before
reaching SINH, which would likely give a more urban
(traffic-related fossil fuel) signature to the carbonaceous
aerosol. This difference in source regions may have an
impact on the 14C-based source apportionment, resulting in
an enhanced fossil signal at SINH.
[39] The biomass contribution to TOC at both sites is

nearly identical for the dry season and very similar for the
annual average (Table 2). The annual average for SINH is 64

� 5%. Unlike MCOH, the annual biomass contribution is
higher for TOC than SEC at SINH. The d13C supports the
similarity between MCOH and SINH for TOC, as they are
extremely similar and do not have any noticeable seasonal
trends. Higher resolution samples may be able to draw out
event-based differences in source signals, but the long-term
sampling and seasonal averages of this study present a
consistent picture in emission sources for TOC. The annual
mean SEC d13C signal for SINH is �22 � 0.7‰ (auxiliary
material Table S3 in Text S1), mirroring the results from
MCOH. In comparison to recent d13C for TC (total carbon)
for continental Indian urban areas (�24.5 to �26.7‰) and
the Bay of Bengal (�24.1 to �27.3‰) [Agnihotri et al.,
2011], SINH is somewhat more enriched (annual average
of �22.57 � 0.68‰).
[40] The two sites are similar in the dry season, but the

biomass signal at SINH decreases for both TOC and SEC in
the peak of the monsoon season (July–September). As dis-
cussed for MCOH (Section 3.3.1.), the local signal is likely
more dominant in the wet season due to rainout of non-local
aerosol. The monsoon season apportionment indicates that
in SINH there is less biomass/biofuel burning in the wet

Figure 6. Fraction biomass (fb) from D14C source apportionment for total organic carbon (TOC) and
soot elemental carbon (SEC) at (a) Hanimaadhoo, Maldives (MCOH) and (b) Sinhagad, India (SINH),
with analytical error.

Table 2. Annual and Seasonal Radiocarbon Averages (Concentration-Weighted) for TOC and SEC at Hanimaadhoo, Maldives (MCOH)
and Sinhagad, India (SINH)a

TOC Fm s.d. fb (%) s.d. SEC Fm s.d. fb (%) s.d.

MCOH
2008 annual 0.83 0.06 69 5 2008 annual 0.88 0.07 73 6
Dec–Febb 0.78 0.03 65 3 Dec–Febb 0.88 0.07 73 6
Mar–Mayb 0.86 0.04 71 4 Mar–Mayb 0.87 0.10 72 9
Jun–Aug 0.95 0.01 78 1 Jun–Aug 0.96 NA 80 NA
Sept–Nov 0.80 0.05 66 4 Sept–Nov 0.87 0.02 72 1
Jan–Mar 2006c 68 3 Jan–Mar 2006c 69 6

SINH
2008 annual 0.78 0.06 64 5 2008 annual 0.71 0.06 59 5
Nov–Febb 0.77 0.04 64 3 Nov–Febb 0.66 0.05 55 4
Mar–Aprb 0.78 0.03 65 3 Mar–Aprb 0.72 0.06 60 5
May–Aug 0.71 0.07 59 6 May–Aug 0.73 0.08 61 6
Sept–Oct 0.77 0.10 64 9 Sept–Oct 0.70 0.07 58 6
Mar–Apr 2006c 65 2 Mar–Apr 2006c 64 3

aFm, fraction modern; fb, fraction biomass in percent as in equation (1); s.d., standard deviation.
bIncludes 2008 and 2009.
cGustafsson et al. [2009].
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season and a relatively larger influence from traffic and
fossil fuel sources.
3.3.3. Interannual Variability
[41] The previously published radiocarbon apportionment

for the shorter 2006 dry season campaigns at both sites has
been included in Table 2 for comparison to the current
campaign. For MCOH, the 2006 campaign should be com-
pared to the December–February and March–May averages,
while the 2006 SINH campaign can be compared directly to
the March–April average. The MCOH-SEC average bio-
mass contribution for 2006 (69 � 6%) and the current 2008–
2009 December–February and March–May (73 � 6% and
72 � 9%, respectively) are not statistically different using
a two-tailed, heteroscedastic, student’s t-test and 95% con-
fidence interval (p = 0.7). However, there are slight dif-
ferences between the 2008 and 2009 seasons for SEC
concentrations at MCOH (Figure 4), with higher con-
centrations extending into transition/pre-monsoon season
in March 2008 for SEC. For MCOH TOC, the 2006 aver-
age biomass contribution (68 � 3%) lays directly between
the current December–February and March–May averages
(65 � 3% and 71 � 4%, respectively) and are thus not
statistically different (p = 0.4). For SINH, the 2006 average
biomass contribution for TOC (65 � 2%) and the 2008
values are nearly identical (p = 0.4). As with MCOH, the
SEC values show more deviation for SINH; the 2006 aver-
age biomass contribution (64 � 3%) is higher than the 2008
average (60 � 5%), but is not significantly different (p =
0.2). This comparison indicates consistent regional sources
for the SEC and TOC for 2006–2009 with about two-thirds
of SEC coming from biomass combustion.

4. Implications for Understanding the Emission
Sources of Carbonaceous Aerosols in South Asia

[42] The current study provides the first year-round
radiocarbon-based source apportionment of combustion
aerosols for Asia. The biomass burning contribution to
SEC is 73 � 6% of MCOH and 59 � 5% at SINH and the
biogenic/biomass burning contribution to TOC is 69 � 5%
at MCOH and 64 � 5% at SINH. These mass and duration-
weighted annual averages reveal a somewhat greater diver-
gence in the biomass contribution to SEC at the two regional
sites than was apparent in the much shorter 2006 campaign
[Gustafsson et al., 2009]. In this case, the support of the
back trajectory analysis indicates that differences in source
regions likely explain the difference in SEC biomass contri-
bution in the dry season, with air masses to MCOH crossing
South India while SINH is experiencing more influence from
Central India. This highlights the importance of long-term
campaigns to increase the accuracy of the source estimates
and enable better comparability with emissions inventory-
based assessments.
[43] Encouragingly, the current year-round observation-

based campaign does compare well with published BC
emissions inventories for outflow of carbonaceous aerosols
from S. Asia. Several published inventories suggest that
biomass/biofuel burning contributes roughly 70–75% of
the total BC [Reddy and Venkataraman, 2002a, 2002b;
Bond et al., 2004; Venkataraman et al., 2005], which cor-
respond closely to the fraction biomass for SEC seen in the
annual MCOH reported here. Dickerson has a reported range

for biomass/biofuel burning contribution based on CO
emissions inventory of 55–88% [Dickerson et al., 2002],
which would include the apportionment results from both
SINH and MCOH. The current study lies closer to the bio-
mass versus fossil fuel split estimated in these bottom-up
emission inventories than reported for most other top-down
receptor modeling studies [Novakov et al., 2000; Mayol-
Bracero et al., 2002; Lawrence and Lelieveld, 2010],
which tend to estimate a dominant contribution from fossil
fuel combustion. In contrast, Guazzotti et al. [2003] in their
receptor modeling study, using time-of-flight mass spec-
trometer measurements, reported a biomass contribution of
74 � 9% to total carbonaceous particles at MCOH.
[44] While the current study provides an observation-

based, annual-average source apportionment of regional
background carbonaceous aerosols for the S. Asian region,
many additional questions remain. The results of the back
trajectory analysis and source region attribution of SEC
and TOC highlight that higher time resolution radiocarbon
analysis of BC in the dry season outflow are needed to
resolve the source apportionment by region. Additional
source-diagnostic markers, such as organic molecular mar-
kers [Stone et al., 2007; Sheesley et al., 2011], are needed
in concert with carbon isotopes to resolve among additional
combustion sources. Finally, other carbonaceous aerosol
components such as water-soluble organic carbon (relevant
for cloud forming potential) and thermo-optical transmission
based elemental carbon, may yield a more comprehensive
picture of the sources of climate-affecting aerosol carbon in
this dynamically changing region of Asia.
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