JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 107, NO. D19, 8030, doi:10.1029/2000JD000039, 2002

Carbonaceous aerosols over the Indian Ocean during the Indian
Ocean Experiment (INDOEX): Chemical characterization, optical
properties, and probable sources

0. L. Mayol-Bracero, R. Gabriel, and M. O. Andreae

Biogeochemistry Department, Max Planck Institute for Chemistry, Mainz, Germany

T. W. Kirchstetter and T. Novakov
Lawrence Berkeley National Laboratory, Berkeley, California, USA

J. Ogren and P. Sheridan
Climate Monitoring and Diagnostics Laboratory, NOAA, Boulder, Colorado, USA

D. G. Streets

Decision and Information Sciences Division, Argonne National Laboratory, Argonne, Illinois, USA
Received 9 October 2000; revised 4 May 2001; accepted 20 June 2001; published 11 October 2002.

[1] We measured carbonaceous material and water-soluble ionic species in the fine
fraction (D, < 1.3 pm) of aerosol samples collected on NCAR’s C-130 aircraft during the
intensive field phase (February—March 1999) of the Indian Ocean Experiment (INDOEX).
Polluted layers were present over most of the study region north of the equator at altitudes
up to 3.2 km. The estimated aerosol mass (sum of carbonaceous and soluble ionic aerosol
components) of fine-mode partlcles in these layers was 15.3 + 7.9 pg m>. The major
components were particulate orgamc matter (POM, 35%), SO3~ (34%), black carbon (BC,
14%), and NH; (11%). The main difference between the composition of the marine
boundary layer (MBL, 0 to ~1.2 km), and the overlymg residual continental boundary
layer (1.2 to ~3.2 km) was a hlgher abundance of SO4 relative to POM in the MBL,
probably due to a faster conversion of SO, into SO;~ in the MBL. Our results show that
carbon is a major, and sometimes dominant, contributor to the aerosol mass and that its
contribution increases with altitude. Low variability was observed in the optical properties
of the aerosol in the two layers. Regresswn analysis of the absorption coefficient at 565 nm
on BC mass (BC <4.0 pg C m ) yielded a specific absorption cross section of 8.1 + 0.7 m*
g~ ! for the whole period. The unusually high fraction of BC and the good correlation
between the absorption coefficient and BC suggest that BC was responsible for the strong
light absorption observed for the polluted layers during INDOEX. High correlation
between BC and total carbon (TC) (+* = 0.86) suggest that TC is predominantly of primary
origin. Good correlations were also found between the scattering coefficient at 550 nm and
the estimated aerosol mass for the fine fraction. These yielded a spec1ﬁc scattermg Cross
section of 4.9 + 0.4 m* g~'. The observed BC/TC, BC/OC, SO3 /BC, and K'/BC ratios
were fairly constant throughout the period. These ratios suggest that between 60 and 80%
of the aerosol in the polluted layers during INDOEX originated from fossil fuel and
between 20 and 40% from biofuel combustion.  INDEX TERMS: 0305 Atmospheric Composition
and Structure: Aerosols and particles (0345, 4801); 0322 Atmospheric Composition and Structure: Constituent
sources and sinks; 0345 Atmospheric Composition and Structure: Pollution—urban and regional (0305); 0365
Atmospheric Composition and Structure: Troposphere—composition and chemistry; 4801 Oceanography:
Biological and Chemical: Aerosols (0305); KEYWORDS: carbonaceous aerosols; INDOEX; chemical
characterization; optical properties; sources; aerosols

Citation: Mayol-Bracero, O. L., R. Gabriel, M. O. Andreae, T. W. Kirchstetter, T. Novakov, J. Ogren, P. Sheridan, and D. G. Streets,
Carbonaceous aerosols over the Indian Ocean during the Indian Ocean Experiment (INDOEX): Chemical characterization, optical
properties, and probable sources, J. Geophys. Res., 107(D19), 8030, doi:10.1029/2000JD000039, 2002.

Copyright 2002 by the American Geophysical Union.
0148-0227/02/2000JD000039$09.00

INX2 29 -1



INX2 29 -2

1. Introduction

[2] The Indian Ocean Experiment (INDOEX) was con-
ducted during the Northeast Monsoon (i.e., winter mon-
soon) when polluted air from the Indian subcontinent and
Asia mixes with pristine air masses from the Southern
Indian Ocean over the tropical Indian Ocean. This conver-
gence provides a unique opportunity for studying aerosols
and their climatic effects. The objectives of INDOEX were
to investigate how pollutants emitted in India and Southeast
Asia are transported through the atmosphere and how they
affect the atmospheric composition and solar radiation
fluxes over the ocean [Lelieveld et al., 2001; Ramanathan
et al., 2001].

[3] Carbonaceous aerosols, composed mainly of organic
(OC) and black carbon (BC) comprise a significant fraction
of the submicron aerosol mass. Organic carbon, usually the
most abundant component of the carbonaceous aerosol, may
be directly introduced into the atmosphere in particulate
form or may condense by gas-to-particle conversion of
volatile anthropogenic and biogenic precursor compounds.
Black carbon is produced exclusively by incomplete com-
bustion of fossil and biomass fuels and, therefore, it is used
as a tracer for combustion.

[4] Carbonaceous aerosols may play a significant role in
radiative forcing, with both OC and BC affecting the
extinction of solar radiation [Groblicki et al., 1981; Shah
et al., 1984; Novakov et al., 1997b; Hegg et al., 1997,
Penner et al., 1998]. OC has been mainly associated with
light scattering of the solar radiation and contributes to a
negative climate forcing. BC, the principal light-absorbing
aerosol species, produces a positive climate forcing [/PCC,
1996]. Since these aerosol species are usually emitted
together, they are often internally mixed, which complicates
the computation of their radiative properties and climatic
effects [Jacobson, 2000].

[s] Despite the potential importance of carbonaceous
aerosols in radiative and climate forcing [/PCC, 1996;
NRC, 1996], relatively little information is available in
terms of its worldwide concentrations, sources, mechanisms
of formation, and radiative and nucleative properties. Three
possible reasons for this are (1) difficulties in the character-
ization of the carbonaceous material due to its chemical and
physical complexity [Eatough et al., 1993; Rogge et al.,
1993; Zappoli et al., 1999], (2) large uncertainties caused by
sampling artifacts [Novakov et al., 2000a], and (3) scarcity
of airborne measurements, which are more relevant to
quantifying aerosol climate forcing than ground-based
measurements [Novakov et al., 1997b]. Most previous air-
borne measurements have concentrated on sampling and
analyzing inorganic aerosol components, such as sulfate
(SO4%7), which has relatively well-known physical and
chemical properties. However, in airborne measurements
over the Northeast Atlantic, Hegg et al. [1993] demonstra-
ted that sulfate can sometimes constitute only a modest
fraction of the aerosol mass, and that the nonsulfate aerosol
component may play an important role in determining both
the light scattering and cloud condensation nucleus activity
of aerosols. Ground-based measurements at Caribbean and
Pacific sites have suggested that this nonsulfate component
is composed of carbonaceous material [Novakov and Pen-
ner, 1993; Rivera-Carpio et al., 1996]. In a more recent

MAYOL-BRACERO ET AL.: CARBONACEOUS AEROSOLS OVER THE INDIAN OCEAN

study involving airborne measurements over the East Coast
of the United States, carbon was found to account for, on
average, 50% of the total aerosol mass, and an enhanced
contribution of carbon species to aerosol mass aloft (alti-
tudes between 2 and 3 km) was observed [Hegg et al., 1997,
Novakov et al., 1997b]. Another study, which involved
airborne measurements covering latitudes from 9°N to
46°N and altitudes up to 19 km, demonstrated that upper
tropospheric aerosols often contained more organic material
than sulfate [Murphy et al., 1998]. These results highlight
the need to improve our knowledge of the chemical and
optical properties of carbonaceous aerosols, so that we may
better understand their effects on radiative forcing.

[6] In this paper, we present the results on the chemical
composition and optical properties of fine aerosols (aero-
dynamic particle diameter, D,, < 1.3 pm) collected aboard
the National Center for Atmospheric Research (NCAR)
Hercules C-130 aircraft during the INDOEX intensive
field phase (IFP). Mass concentrations for aerosol total
carbon (TC), BC, and OC are presented and discussed in
the context of simultaneously collected aerosol light
scattering and absorption data. Possible sources for the
aerosol species in the polluted layers are also discussed
based on their chemical and optical properties, on the use
of chemical tracers for fossil fuel and biomass burning,
and on the information available for emissions of these
species.

2. Method
2.1. Sampling

[7] Aerosol sampling was conducted on the NCAR C-130
aircraft, based on Hulule Island (4.2°N, 73.5°E), Republic of
the Maldives, during INDOEX IFP in February—March 1999
cf. C-130 overview paper by [Clarke et al., 2002]. A total of
18 research flights (RFs) were performed over the Indian
Ocean region covering a range in altitudes from 0 to 6.5 km.
Here, we present results from 13 of these flights.

[8] Samples were collected through the community aero-
sol inlet (CAI) of the aircraft. The CAI, about 6.7-m total
length, is mounted on the side of the aircraft and projects
ahead of the aircraft nose. It supplied sample air to multiple
instruments, which subsampled isokinetically via individual
sampling tubes of different diameters. The 50% cut-size of
the CAI is about 3 pm; and for particles near 1 pum, its
efficiency is about 90% in the moist boundary layer (better
for dry aerosol aloft) (A. Clarke, personal communication,
2000). A detailed description is given by Blomquist et al.
[2001]. Temporal resolution for the collection of our sam-
ples was about 10 to 30 min in the boundary and pollution
layers, and up to two and three hours in the free tropo-
sphere. The relative humidity (RH) averaged 70 £ 17% in
the MBL and 30 + 16% in the rCBL legs.

[o] Aecrosol samples were collected on two stacked-filter
units (SFUs) mounted in parallel (Figure 1). The SFUs were
connected to one CAI pick-off tube of 1.8-cm i.d. They each
consisted of two polyethylene 47-mm diameter filter holders
(NILU) connected in series. During operation, a Nuclepore
prefilter (PC Membrane, Corning Costar, nominal pore size
8.0 pm) was placed in the first stage of each unit. This filter
collected the coarse fraction which consisted of particles
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Fuselage 1

Pick-off tube
X SFUs
Bypass tubing
Mass flow meters
Pump
Figure 1. Filter sampler arrangement attached to the CAI

of the C-130 aircraft. The bypass was used to maintain
constant flow through the CAI when SFU samples were not
being collected.

larger than ca. 1.3 pm (calculated for an average face
velocity of 47 cm sec™' in the boundary layer [John et
al., 1983]), and smaller than 3 um (50% size-cut of the CAI)
aerodynamic diameter.

[10] One SFU was used for the analysis of the carbona-
ceous component of the aerosols. In this unit, two quartz
filters (Pallflex Tissuquartz 2500 QAT-UP) were placed
directly on top of each other (tandem arrangement) in the
second stage. The pressure drop across the tandem filter
arrangement, for our face velocity of 47 cm sec™', was
25 inches of H,O. This was calculated based upon the
published change in pressure of 0.0013 atm per cm sec” '
reported by McDow and Huntzicker [1990] for a tandem
quartz filter arrangement. Before use, the quartz filters
were baked at 800°C for 12 h to remove residual organic
impurities. As discussed below (Section 3.1), the tandem
arrangement was used to correct for the adsorption of
gaseous organic compounds by the filter material, com-
monly referred to as the positive artifact [Kirchstetter et
al., 2001; Turpin et al., 1994]. If not accounted for, this
artifact results in an overestimation of organic acrosol mass
concentrations.

[11] The second SFU was used for the analysis of water-
soluble ions. The second stage of this unit had a PTFE
Teflon membrane filter (Zefluor Membrane filter, Pall Gel-
man; nominal pore size 2.0 pm, (D, < ~1.2 um)) to collect
the fine aerosol fraction. Details of the analysis of this
aerosol component are discussed by Gabriel et al. [2002].

[12] Loading and unloading of the filter units was per-
formed before and after every flight in the laboratory
facilities at Hulule Island. After the unloading process, filter
samples were stored in a freezer at —18°C in precleaned
glass vials until analysis. Vials were precleaned according to
the procedures recommended by Salmon et al. [1998].

[13] Blank filters were collected on every flight using
filter units loaded in the Hulule laboratory. These units were
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connected to the aerosol inlet in the same manner as the real
samples, with flow being applied for only 15 s.

2.2. Optical Measurements

[14] A three-wavelength nephelometer (Model 3563, TSI
Incorporated, St. Paul, Minnesota USA), and a continuous
light absorbing photometer (particle-soot absorption photo-
meter, PSAP, Radiance Research Inc., Seattle, WA, USA)
were operated at a RH of about 40% and used an impactor
that allowed collection of particles of aerodynamic diameter
less than 1 pm or 10 pm. The nephelometer measured dry
aerosol total scattering (oy,) and hemispheric backscattering
of light at three visible wavelengths: 450, 550 and 700 nm.
Here, we report oy, for particles of D, < 1 pm at 550 nm. At
this wavelength, the detection limit for 30-second averages is
1 Mm~'. The PSAP measured particle absorption (0ap)
continuously via attenuation of 565-nm radiation by particles
collected on a quartz filter. The PSAP data were adjusted to a
wavelength of 550 nm using the correction scheme described
by Bond et al. [1999]. PSAP results presented here also
correspond to particles of D, < 1 um. The detection limit of
this instrument is less than 1 Mm ™' for 1-min averages.
Detection limits of both instruments decreased with longer
averaging times; therefore, in our particular case (legs >
10 min), these are conservative estimates. Sheridan et al.
[2002] explain the operation of these instruments and discuss
the uncertainties of oy, and o,, measurements.

2.3. Analysis

2.3.1. Carbonaceous Aerosols

[15] Quartz filter samples were analyzed for carbona-
ceous material at the Lawrence Berkeley National Labora-
tory (LBNL) with a thermal analysis method known as
evolved gas analysis, EGA [Novakov et al., 1997a, 1997b].
This method has been discussed in detail in several recent
publications [e.g., Novakov et al., 2000a]. Briefly, an aliquot
of the sample (here, a punch of 4.4 cm? taken from the 13.2
cm?® exposed area of the 47-mm quartz filters) is progres-
sively heated at a linear rate (here, 20°C min~') in an
oxygen atmosphere from 50°C to a suitable endpoint
temperature, which is usually 650°C. The carbon-containing
gases evolving from the sample are converted to CO, over a
MnO, catalyst maintained at 800°C, and measured with a
nondispersive infrared analyzer (Beckman Model 870). A
plot of the mixing ratio of CO, as a function of temperature
is called a thermogram, and the area under the thermogram
curve is proportional to the TC content of the analyzed
sample. Thermograms show a structure, often in the form of
well-defined peaks, that is indicative of volatilization,
decomposition, and combustion of the carbonaceous mate-
rial (TC, BC, and OC) contained in the sample. The EGA
method is quantitative for TC within ~10%, shows a
reproducibility of 3—5%, and has a detection limit of
~0.2 pg C per sample [Dod et al., 1979; Gundel et al.,
1984]. The difference between the pressure in the EGA
instrument and the atmospheric pressure is less than 0.1%.
Recently, to determine the precision of the EGA method, we
analyzed several portions of a Hi-Vol sample that had been
collected in a roadway tunnel. The coefficient of variation
(N =7) was 4, 6, 4, and 3% for TC, BC, OC, and the BC/
OC ratio, respectively. Experiments involving many labo-
ratories (carbon shootouts) have shown coefficients of
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variation (CV) of about 9% for TC concentrations and
between 30 and 50% for BC, depending the loading of
the sample (lower CVs for lightly loaded samples) [Count-
ess, 1990; Shah and Rau, 1990; Schmid et al., 2001].
INDOEX C-130 samples were lightly loaded (much less
than low-loaded samples presented by Schmid et al. [2001]),
probably, with a CV in the range of 40 to 50% for BC.
2.3.2. Water-Soluble Ions

[16] The water-soluble species were determined at the
Max Planck Institute for Chemistry (MPIC) using ion
chromatography (for details, see Andreae et al. [2000] and
Gabriel et al [2002;). Water-soluble ions analyzed were
Na’, NH;, K*, Mg®", Ca®', formate, methanesulfonate
(MSA), C1™, NOg3, SOﬁ_, and oxalate. The detection limits
in standard solutions are between 0.09 and 0.13 pmol L'
for cations, and 0.03 and 0.12 pmol L' for anions. The
uncertainty in the measurement is about 6%.
2.3.3. Air Mass Back Trajectories

[17] Air mass back trajectories (BTs) for up to ten days
were calculated for every sampling leg using the hybrid
single-particle Langragian integrated trajectories model,
HYSPLIT-4 [Draxler and Hess, 1997] and the FNL mete-
orological data set produced by the U.S. National Center for
Environmental Prediction. The vertical velocities from the
FNL data set were used to derive the vertical transport
component in the trajectory calculations. Trajectories were
terminated at the aircraft location.

3. Results and Discussion

3.1. Interpretation of Thermograms

[18] Most of the INDOEX C-130 samples were collected
from heavily polluted air masses. Their thermograms
showed similar profiles, with carbon evolution extending
to 600°C (Figure 2). Samples collected south of the Inter-
tropical Convergence Zone (ITCZ) resulted in relatively
featureless thermograms (not shown here), most likely due
to the pristine conditions existing there.

[19] In general, thermograms of front filter samples col-
lected in polluted air masses consist of several discrete peaks.
For example, those of the front filters shown in Figure 2
consist of four peaks (i.e., A, B, C, and D). The first peak (A),
representing the most volatile material in the sample, has a
maximum intensity around 100°C and extends to ~200°C.
Frequently, thermograms of backup filters (solid squares in
Figure 2) show a peak at the same temperature and of similar
intensity. The front filter removes all particles from the
sampled air stream. Therefore, the origin of peak A on the
backup filter is the adsorption of organic compounds that
were originally present in the gas phase, and which adsorb to
the front and backup filters during sampling [Kirchstetter et
al., 2000]. Sometimes, inhomogeneity in the filter stock
could produce differences between the intensities of the
volatile peak in front and back filters [Kirchstetter et al.,
2001]. In such cases, peak A is not included in the integration
of the thermogram. The second peak (B) in Figure 2 is
completely absent from the back filter, indicating that it is
in the particulate phase. Similarly, peak C is more prominent
in thermograms of front filters than back filters, indicating the
collection of particulate-phase OC. Peak C in thermograms of
backup filters may have been the result of adsorbed gases or
low-level contamination.
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Temperature, °C

Figure 2. Example of a thermogram for front (open
circles) and back (solid circles) quartz filters. The shaded
areas are proportional to the TC aerosol concentrations.
Assignments of peaks labeled A, B, C, and D are discussed
in section 3.1. This sample corresponds to RF10 (9 March
1999), Northern Hemisphere (1.9°N, 74.6°E), altitude 83 m,
Op =92 Mm™', 0,0 = 17 Mm ™', w, = 0.84.

[20] In environments influenced by combustion sources,
such as the INDOEX region, the particle-phase carbona-
ceous material consists of both OC and BC. The high-
temperature thermogram peak (D), which was centered at
about 500°C and which is not present in thermograms of
backup filter samples in the majority of cases, is used to
estimate the amount of BC in the sample. To calculate the
area under peak D (BC peak), we integrated the carbon
evolving at temperatures above the minimum between peaks
C and D, when these two peaks where well separated. In
cases where these two peaks were not so well resolved, we
looked at the shape of peak D and if it showed to be
symmetric (bell-shaped), then we integrated the higher
temperature half of the peak and mutiplied this area by 2
to get the total area. For cases where peaks C and D were not
resolved enough to apply one of these 2 approaches (about
7% of the total number of samples), BC was not determined.
It has been shown that the carbonaceous material giving rise
to this high-temperature peak is largely responsible for
visible light absorption [Gundel et al., 1984].

[21] Based on the information obtained from the thermo-
grams, it is possible to estimate the concentrations of the
carbonaceous components (i.e., TC, BC, and OC) in the
samples. The mass of carbonaceous material on the backup
filter is subtracted from the mass of carbonaceous material
on the front filter to correct for the adsorption artifact
(assuming that the contribution of gas-phase organics, peak
A, is the same on both filters). This difference is defined as
total carbon aerosol, TC, and reflects the mass of particle-
phase carbonaceous material collected on the front filter.
The OC is estimated as the difference between TC and BC.

[22] One uncertainty in the determination of BC and OC
concentrations is the possibility that OC may char (undergo
pyrolysis) during thermal analysis, and then coevolve with
BC. Similarly, highly refractory organic material in the
sample may be indistinguishable from BC. Both occurrences
would lead to an overestimate of BC concentration. These
factors led Gundel et al. [1984] to conclude that a combi-
nation of thermal, optical, and solvent extraction methods
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must be used to accurately estimate BC. Optical (light-
absorption) and solvent extraction (treatment to remove
organic material from the sample before it is analyzed for
BC) methods were employed for only a small number of
INDOEX samples. These few results indicate that BC
determination was not affected by coevolving organic mate-
rial. Furthermore, a positive characteristic of the EGA
method chosen for this study is the use of pure oxygen as
the carrier gas. Compared to similar thermal techniques that
expose the sample to inert gas (nitrogen or helium), the use
of pure oxygen minimizes charring of organic material
[Lavanchy et al., 1999].

[23] Many of the samples analyzed in this study pro-
duced a thermogram peak that evolved beyond the temper-
ature normally associated with BC. Carbonate carbon,
which is usually not encountered in submicron samples,
has an evolution temperature greater than that of BC.
Powdered coral (calcium carbonate), for example, produces
a single thermogram peak centered at 655°C. While the
literature states that exposure to hydrochloric acid vapor
will rid the sample of carbonate [Chow et al., 1993], this
treatment did not remove, or even reduce, the magnitude of
the high-temperature peak in question. As a result, it is not
certain what material gives rise to this peak. We believe,
however, that because this peak was found in thermograms
of backup filters and blanks as well as front filters it is
indicative of contamination and was not collected during
sampling. Thus, the thermogram area beyond the evolution
of BC was not included in the estimate of carbonaceous
aerosol concentration.

3.2. Estimation of Particulate Organic Matter

[24] The OC determined with thermal methods such as
EGA is the carbon mass concentration in the particulate
organic matter (POM). A POM/OC conversion factor is
frequently used to estimate POM mass from the OC
content. However, this conversion is at best approximate
because the molecular-to-carbon mass ratio is not precisely
known [Turpin and Lim, 2001]. As reported by Turpin and
Lim, these values can range from 1.2 to as high as 2.6,
depending on the aerosol composition. This uncertainty
could lead to errors in the determination of POM and,
therefore, the aerosol mass. The factor used for our
INDOEX samples was 1.7, which corresponds to an
empirical formula of ca. CHO,s, since the sampled air
masses were strongly influenced by anthropogenic emis-
sions from fossil fuel and biofuel combustion. This POM/
OC factor assumes that the organic aerosol species, in cases
like this, will be less oxidized than in air masses influenced
by natural organic aerosols.

3.3. Pollution Layers and Air Mass Back Trajectories

[25] During most of the INDOEX IFP C-130 flights, two
polluted layers were observed within the boundary layer
(Figure 3). Vertical profiles of o, and dew point temperature
along with the concentrations of sodium in the coarse fraction
(which can be a tracer for sea salt in the MBL) were used to
define these layers. The first one was the well-mixed marine
boundary layer (MBL) reaching up to ~1.2 km. The second
one was a residual continental boundary layer, rCBL,
between 1.3 and ~3.2 km. This rCBL was formed when
continental air masses originating from the Indian subcon-
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Figure 3. Vertical profile of o, acquired over the Arabian
Sea at around 0747 GMT on 16 March 1999 (RF 13). Layer
1 (MBL) is between 0 and ~1.2 km, and layer 2 (rCBL)
between 1.3 and ~3.2 km.

tinent were advected over the relatively cold ocean. The
weaker convective activity over water could not sustain
vertical mixing to the same height as over land. Therefore,
a new MBL evolved at the base of the CBL, and the rCBL
(between the top of the new MBL and the inversion at the top
of the CBL) became disconnected from the free troposphere
and the sea surface. More details about the mechanism of
formation of the rCBL are presented by Johnson et al. [2000].

[26] Rasch et al. [2001] and Verver et al. [2002] present
analyses of the meteorological conditions during the
INDOEX IFP period. These analyses indicate that there
was a significant change in the circulation patterns of the air
masses between February and March. They divided the total
period in two halves. The first half is what we call our
“February period” (in which we include RFs 2 to 10). Here,
air masses at surface levels in the Indian Ocean region were
mainly coming in the northeast (NE) trades over the West-
ern Bay of Bengal and/or in a flow from the NE, out of
Southeast Asia (SEA). The second half is the “March
period” (here, we include RFs 12, 13, 15, and 18) where
air was coming mainly from a flow off the West Coast of
India (the plume from Asia, SEA channel, was absent from
March 1-22). These analyses were mostly limited to the
near-surface level and/or below 2.5 km. This limits our
knowledge in terms of the meteorological conditions pre-
vailing for the rCBL. Also, RF 18 was not included in the
analysis made by Rasch et al. [2001], since it was made on
25 March and their analyses ended on 22 March.

[27] Three major source regions were derived from the
BT analyses: (1) India (INDIA), (2) Southeast Asia (SEA),
and (3) West Asia (WA) (Table 1). Some samples were also
collected in air masses that did not make contact with land
over the past 10 days. They are classified as coming from
the North Indian Ocean and/or the Arabian Sea (NIO), or
coming from the South Indian Ocean (SIO). Flow from the
northeast was evident in most of the trajectories, with most
of the air masses originating from the Indian and south
Asian subcontinents [Rasch et al., 2001; Verver et al.,
2002]. The dominant source of aerosols in the Arabian
Sea, the Bay of Bengal, and the NIO near the surface was
India. At higher altitudes (above 1.2 km), contribution from
other countries such as Asia, Arabia, and Africa was more
evident, as suggested by the BTs and the analyses by Rasch
et al. [2001].
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Table 2. Average Mass Concentrations and Percentages of Major Aerosol Components During INDOEX?

References

%BC
14+5
18+ 1
14+5
16 +£3
12+5
18+ 1
16 +£3
17+1
10+£5
16 +£3
15+2
11+£7

%8042~

%POM
35+ 16
40 + 8

%TC
35+ 16
41 £5
34 + 11
38 + 18
31+13
45+ 6
37 +18
39+2

EAM
153 +£7.9
242 +12.8
13.8+5.8
16.7 £ 6.5
13.0£9.5

28.0 £2.5

POM
57+34
83+43
50+£2.7
6.1+34
52+35

10.6 + 2.6
53429
6.8 +4.7
43+25
6.3 +£3.8
51+32
43+1.5

oc’
34+£20
49 +25
29+1.6
3.6+20
3.1+£20
62=£1.6
3.1+1.7
4.0+2.7
25+14
37+£22
30+1.8
25+09

oC
34+£20
49+26
30£1.6
3.6+20
32+20
63+1.6
32+ 1.7
40+2.38
26+14
38+22
30+£1.8
2.6+09

BC
25+14
32+£20
23+1.0
28+12

TC
57+33
74 +£44
50+£26
62+32
48+33
82+ 4.4
57 £26
6.6 +4.6
37422
6.2 £3.5
57435
41+15

Size cut

Source

INDOEX total
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this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study

34 £ 11
26+ 5

<13

<1.3

INDOEX rCBL

35+ 12
33+ 10
35+ 13
23+ 38

34 + 17
36+ 16
32+ 16
45 + 11
35+ 16
36 +3

<13

INDOEX MBL
INDOEX Feb

<1.3
<13
<1.3
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19+13
42+19
2.6+ 1.0
26+19

INDOEX March

INDOEX Feb rCBL

35+ 10
27 +4
37+ 14
34+9
32+9
35+ 17

15.6 £ 5.6
21.6 +17.3
10.4 £ 4.8
17.7 +7.9
124 +£3.0

<1.3

INDOEX Feb MBL

<1.3

INDOEX March rCBL

31+19
34 + 11
29+7

29 + 13
36 +8

1.5+£0.7
27+14
27+1.7

<1.3

INDOEX March MBL

<1.3
1.3
1.3
<2.0

<
<

INDOEX INDIA, total
INDOEX SEA, total

33+£5
33+15

34 +£23

9.8 +£3.5
159 +5.9
14.8 £15.5

1.7+0.8
1.2+0.5

INDOEX WA, total

Andreae et al. [2002]
Hegg et al. [1997]

47 2.6

40 +£ 23

19

ARACHNE (95-97)

TARFOX
ACE-2

51 +34

49+27

<~5
<1.0

Novakov et al. [2000a]
Ferek et al. [1998]

Literature values are shown for comparison. TC, BC, OC, OC’ mass concentrations are in pg C m~>. POM and EAM mass concentrations are in pg m > and were calculated using OC’. Size cut in pm. Values
presented are averages =+ standard deviation. % values are calculated using only measurements for which both values of EAM and the relevant chemical species are known (see Table 1). ARACHNE (Aerosol Radiation

04+03 0.8 +0.7

1.3+£09

+1

2+1

69 £ 6

<4.0

SCAR-B

and Chemistry Experiment) Negev Desert, Israel, ground-based. TARFOX (Tropospheric Aerosol Radiative Forcing Observational Experiment) mid Atlantic coast, US, aircraft. SCAR-B (Smoke, Clouds, and

Radiation-Brazil) Amazonia, Brazil, ground-based. — = data not available or not measured.

[28] Results reported in Table 1 are classified according to
the tropospheric layers sampled (MBL or rCBL), the period
that they represent (February or March), and the source
region of the sampled air mass (INDIA, SEA, WA, NIO,
SIO). Results from the samples collected in the free tropo-
sphere (>3.2 km) are not presented here. Table 2 provides a
summary of the averaged values for the different classifica-
tions (i.e., layers, periods, and sources) and contains values
from other studies for the purpose of comparison.

3.4. Mass Concentrations

[29] Significant variability between the mass concentra-
tions of TC aerosol (from now on TC), BC, and OC was
observed between samples from the same layers, periods,
and/or source region, as it is shown in Table 1. However, the
regionally averaged concentrations (INDIA, SEA, WA) for
these species (Table 2 and Figures 4a and 4b) show low
variability between them. Rasch et al. [2001] explain that
the long residence times of acrosols (about 7 to 8 days for
carbonaceous aerosols and sulfate) and the low wet depo-
sition removal rate due to lack of rain during the winter/
spring monsoon may be responsible for the great extent of
polluted air masses over a large domain of the INDOEX
region. These factors, assuming well-mixed layers, also
could have resulted in the low regional variability in the
average concentrations for the species under study. The
following discussion pertains mainly to the samples col-
lected in polluted air masses, below 3.2 km (in the MBL
and/or rCBL), excluding the samples coming from oceanic
regions (i.e., SIO and NIO) since these air masses were, in
general, comparably unpolluted.

[30] Total aerosol mass in this study was calculated by
summing the individual species measured (i.e., BC, POM
(OC* x 1.7), and the water-soluble ions) and does not
include insoluble inorganic components (fly ash and min-
eral dust). OC’ represents the OC after the subtraction of the
carbon mass of the organic species determined by ion
chromatography (i.e., oxalate, formate, and MSA). We refer
to the total aerosol mass as ‘“‘estimated aerosol mass”
(EAM). The EAM ranged from 3.2 to 41.3 g m ™, with
averages of 24.2 pg m ~ and 13.8 pg m* for the rCBL and
the MBL, respectively. The average for the total period
(MBL and rCBL) was 15.3 pug m . These values are
comparable to pollution levels observed in industrialized
regions like the mid-Atlantic coast of the United States
(TARFOX experiment), where the aerosol mass observed
was on average about 15 pg m > [Hegg et al., 1997], and in
the Negev Desert in Isracl (ARACHNE experiment) (highly
influenced by anthropogenic sources) where this value was
about 15.9 pg m™—> [Andreae et al., 2002]. Figure 5 shows
the contributions of aerosol species to EAM during the total
INDOEX IFP. Major fractions were POM (35%), SO3~
(34%), BC (14%), and NH, (11%). The contribution of the
other water-soluble ions analyzed was about 6%.

[31] The uncertainty in the value of the POM/OC factor
(see section 3.2) could have led us to an underestimation of
the POM and, therefore, of the EAM for some of our
samples. The magnitude of the error in these results is
difficult to estimate due to the lack of knowledge about the
appropriate POM/OC factors. However, if instead of 1.7, we
apply 2.6, one of the highest values reported for POM/OC
(for an aerosol heavily impacted by wood smoke) (Turpin
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Figure 4. Mass concentrations of (a) TC, (b) BC, and (c)
EAM as a function of air mass origin. Air mass regions are
explained in section 3.3.

and Lim, submitted manuscript, 2000), to the mass concen-
trations of OC, the POM values would increase by a factor
of 1.5. As a result, the EAMs would increase by about 10—
16%, depending on their OC content. Since the INDOEX
aerosol also has a contribution from fossil fuels, however,
the POM/OC factor is unlikely to be greater than two, and
consequently, EAM errors due to uncertainties about POM/
OC are probably less than 10%.

29 -9

[32] Concentrations of TC, BC, OC, and POM for the
different periods and layers are presented in Tables 1 and 2.
TC represents about 37% of the EAM. Table 2 shows that
TC concentrations were much higher than in continental air
masses during ACE-2 [Novakov et al., 2000a], but com-
parable to the values obtained during TARFOX [Hegg et
al., 1997], suggesting very high levels of pollution. This
was also supported by the high concentrations of BC (up to
6.3 pg C m ) and OC (up to 9.4 ug C m>) observed.

[33] The f-test was applied to the concentrations of TC,
OC, BC, and EAM, and the differences between the
February and March periods were found to be statistically
significant only for BC (p = 0.03). It was found, however,
that there were significant differences between the layers,
especially during the February period, with the tendency for
higher EAM and carbon fractions in the rCBL during the
February period (Figure 6). The lowest EAM was found for
particles measured in air masses coming from the WA
region (Figure 4c). This is also supported by the results
presented by G. Cautenet et al. (unpublished manuscript,
2002) whose model predicted the lowest concentrations of
BC in the western part of the Indian Ocean. Removal
processes, mainly dry deposition, as well as low amount
of biofuel in comparison to SEA and INDIA could have
been the reason for these lower aerosol burdens. For the
SEA and INDIA regions, as well as for the layers within the
March period, concentrations show low variability.

MSA

cr

POM

SO,”

Figure 5. Polluted average aerosol composition for the
fine fraction (altitude < 3.2 km). Estimated aerosol mass
was 15.3 = 7.9 pg m . The major components were POM
(35%), SO3~ (34%), BC (14%), and NH (11%). The minor
components were K" (2.1%), NO3 (1.0%), Na" (0.7%),
oxalate (0.7%), C1~ (0.5%), formate (0.3%), Ca*" (0.3%),
MSA (0.3%), and Mg>" (0.1%).
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Figure 6. Aecrosol mass concentrations as a function of
layer (MBL and rCBL) and period (February and March);
(a) total period, (b) February, and (c) March.

[34] It is also interesting to note that in the rCBL the
%POM value (therefore, also %TC) was higher than the
%S0;~ value (Table 2). Similar results were found for
INDOEX-C-130 filter samples analyzed by scanning elec-
tron microscopy (M. Posfai, personal communication,
2000). Here, it was found that sulfate/soot particles were
dominant in samples from RF 10 at 30 m (MBL), while at
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1.5 km (rCBL), the majority of the particles were carbon
spherules. During TARFOX (altitudes 0 to about 4.8 km),
Novakov et al. [1997b] observed an increase in the carbona-
ceous fraction with increasing altitude. At even higher
altitudes (upper troposphere) Murphy et al. [1998] also
observed that aerosols contained more organic material than
sulfate. In our case, this effect could have been due to a
faster conversion of SO, into SO7~ in the MBL. This is
supported by the results obtained on the R/V Ronald Brown
(M. Norman, personal communication, 2000) where it was
found that SO, represented only about 4% of the total sulfur
(SO~ plus SO,) in the MBL, suggesting that most of the
SO, had been converted into SOZ~. In contrast, a substantial
fraction (up to about 65%) of the total sulfur was still
present as SO, in the rCBL [Reiner et al., 2001]. This
finding highlights the importance of airborne studies, since
ground-based measurements could significantly underesti-
mate the contribution of carbon species to the column
aerosol mass budget.

[35] Compared to the regions north of the ITCZ, the
region south of the ITCZ was relatively unpolluted. Con-
centrations of TC, BC, and OC south of the ITCZ were
often near or below the limit of detection (LOD, 0.2 to 0.8
png C m~?) and, therefore, only a few results were obtained
for this region (SIO in Table 1). The decrease in the carbon
concentrations when approaching the Southern Hemisphere
can be observed from the latitude profile of TC and BC over
the Indian Ocean (Figure 7). High OC mass concentrations
were concentrated in the Northern Hemisphere and were of
the same magnitude as those of BC, in many cases,
suggesting a primary origin for these aerosols. The influ-
ence of combustion-derived pollution is seen down to 5°S
(north of the ITCZ). However, south of the ITCZ, where the
BC reaches LOD values, the OC concentrations were low
(i.e.,<3 pg C m ). Therefore, we can infer that most of the
OC north of the ITCZ has an anthropogenic origin.

3.5. Optical Properties of Carbonaceous Aerosols

[36] In this section, we compare our filter-based measure-
ments with the scattering and absorption coefficients that
were measured aboard the C-130 aircraft. To facilitate this
comparison, the optical coefficients were averaged over the
periods during which the filter samples were collected. A
complete discussion of the entire optical-property data set is

16 |¢TC °

“?E | |= BC
&

o 12} A BCLOD °
o o
= I °
o 8} o° 00
m <o °
g S gk )
@ L ° o ®» =
o 4 q :%on op K °<;-:8%'
= 'S ° g " .I [T m.'!.a .5 %l!. N

0 A R : s &\A R R

-10 -5 0 5 10 15 20

Latitude

Figure 7. Latitude profile for TC aerosol and BC mass
concentrations over the Indian Ocean.
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Figure 8. Regression analysis of aerosol light absorption
coefficient as a function of BC mass concentrations. Solid
diamonds represent BC < 4.0 pg C m ™ and open diamonds
represent BC > 4.0 pg C m™°. The solid line was obtained
when the intercept (b) was forced to zero, the dashed line is
for b # 0.

presented by Sheridan et al. [2002]. We note here that the
two data sets (chemical versus optical results) were obtained
using different particle size cuts (1.3 versus 1.0 pm) and
sample relative humidities. However, preliminary analyses
suggest that these differences introduce negligible error
(<1%) into the results discussed below (S. Howell, personal
communication, 2000).
3.5.1. Specific Absorption Cross Section

[37] Black carbon is the main light-absorbing component
of acrosol particles [Rosen et al., 1978; Gundel et al., 1984;
Lindberg et al., 1993]. An important optrcal parameter is the
specific absorptlon Cross section, o (m g~ "). Here we
relate BC mass concentrations (m png C m ) to the measured
absorption coefficients, o,, (m™ 1, to derive Op values for
INDOEX aerosols. The data (Tables 1 and 3) show that o,
values for this subset of INDOEX samples ranged from 1.2
to 38 Mm*l, with an average for the polluted layers of 16
Mm™"'. These values are considerably higher than those
measured in other studies over polluted regions such as
TARFOX and ARACHNE (i.e., 3 + 3 and 9 + 4 Mm ',
respectively). The high INDOEX values demonstrate the
highly light-absorbing nature of this aerosol. Figure 8 shows
two distinctly different relationships of oy, versus BC
concentrations below and above about 4 pg C m™—>. As can
be seen from this figure, the scatter in the data increased
significantly for points with BC > 4 ug C m . At present,
we do not know the exact reason for these dlfferences

[38] Theregression analysrs of'the first group of samples in

ure 8 (BC < 4.0 pg C m ), indicates a good correlation
(rg 0.7) and an oy, value of 8.1 + 0.3 m? g~' when the y-
intercept is set to zero. This oy, Value is consistent with the
typical range of o, values (810 m? g ") for BC orlgmatmg
from high-temperature combustion sources, and is in agree-
ment with theoretical estimates [Horvath, 1993; Liousse et
al., 1993; Malm et al., 1996]. An o, value of 6.6 £ 0.6 m?
g~ ! was observed when the intercept was not forced to zero.
At BC concentrations close to zero, absorbing species differ-
ent from BC, and possibly not accounted for by our chemical
analyses, could have been present. If a root-mean square
analysis (RMS) is applied to this data set, the o, values

T T T T T T T T
0 1 2 3 4 5 6 7

29 - 11

obtained are 8.1 m? g 1ar1d8 3m?g !'forBC<4.0pgCm3
and BC > 4.0 pg C m >, respectively. These are the values
presented in Table 3 and they show no significant differences
between the absorption properties within the two layers.
However, differences between the February and March
perlods are noticeable, with o, values of 10.8 m” g and
5.6m” g ', respectively. These differences could have been,
for example due to differences in the mixing state or the
absorbing properties of the BC.

[39] The observed oy, values and the good correlation
between the o,, values and BC mass concentrations for the
whole period (BC < 4 pg C m ) suggest that BC is
responsible for the strong light absorption observed in the
dense brownish pollution haze over the Indian Ocean during
INDOEX. This conclusion is further supported by the
results of modeling studies [Satheesh et al., 1999; Podgorny
et al., 2000].

3.5.2. Specific Scattering Cross Section

[40] The value of oy, is highly correlated with the mass of
aerosol particles in the submicron diameter range [Wagg-
oner et al., 1981]. Therefore, the specific scattering cross
section, ayp,, can be derived from the relationship between
oy and the total submicron mass. Values of oy, reported in
the literature are mostly determined by considering sulfate
as the mam scattermg species. These values range from 1.8
to 13 m> g~ [Charlson et al., 1999; Andreae et al., 2002].
However, sulfate is not the only important species when
considering aerosol light scattering. Other chemical compo-
nents can contribute significantly to the submicron mass of
the atmospheric aerosol and, consequently, to the attenu-
ation of visible wavelengths [White, 1990]. Fine carbona-
ceous aerosol is particularly important in this regard. During
TARFOX, Hegg et al. [1997] demonstrated that carbona-
ceous aerosol can contribute, on average, about two thirds
of the total dry aerosol scattering. Using their derived
aerosol mass concentratlons they found a oy, value of 2.8
+03m?g ! = 0.77).

[41] The two species that dominated the total aerosol
mass in the INDOEX pollution layer were POM (35%) and
sulfate (34%). In order to determine the relative contribution
of these species to the oy, values, we attempted to use
multiple linear regression analysis (MLR). However, stat-
istical analyses showed that sulfate and POM are not
statistically independent, probably sharing similar sources
and sinks. As a result, it was not possible to derive separate
ayp, values for these species from the MLR analysis. For this
reason, we used the measured oy, values and the total
estimated aerosol masses to determine the oy, values
(Figure 9).

[42] Dry o values for our samples ranged from 1.3 to
192 Mm ™' (Table 1) with an average for the overall period
of about 62 Mm™ . Similar results were obtained for the
entire INDOEX—C-13O data set [Sheridan et al., 2002]. The
average and maximum values are comparable to o, values
obtained in regions influenced by anthropogenic emissions
(Table 3) like the mid-Atlantic coast of the US during
TARFOX (values ranged from 53—196 Mm '), the Negev
Desert in Israel during ARACHNE (average was 90 Mm '),
the continental air masses studied during ACE-2 (values
ranged from 0.11 to 100 Mm "), and a rural 51te in Hungary
during the winter time (average of 93 Mm™") [Hegg et al.,
1997; Quinn et al., 2000; Andreae et al., 2002]. In compar-



29 - 12 MAYOL-BRACERO ET AL.: CARBONACEOUS AEROSOLS OVER THE INDIAN OCEAN

INX2

"PAINSBAU JOU I0 J[GR[IBAR JOU BJep = — ‘SISA[eue uorssaidar oy syurod
€Jep YSNoud 10U JO J[qE[IBAR BIEP OU 9SNEOI] SUIULIIOP JOU P[N0d = pu s elep Aadord-jeondo XOAN] 211uo oY) 0} puodsarios saferoae asoy [ (dLS) NS JO yuou sessew Jre panjjod 10§ are JAND/VVON Woly
san[eA "sonsousel( pue SULIOIIUOI Jew]) ‘UOHENSIUIUPY dL_Ydsouny pue o1uesd() [euoneN = TAIND/VVON *|_W ,_ 0l =
“u0sLIedWod 10} UMOYS S18 SON[eA AINJRINNT "dw 1JuIm ‘uoneoo] [eimt ‘wil | > 97

WA [ ‘SISA[eUR UOISSIZaI SIATY 2y Suisn paje[nofes a1om XHOAN] 10§ 40 pue o

WU ()66 Sem XFOAN] ‘WU 96 Je d1oM AreSuny pue XOJ¥VL 10§ o jo sonfe ,

[86611 17 12 sowzsopy (eregIns 107) €'8 - - €6 6'8 JAIVONNH
[oooT] v 12 uum@ - €0°0 F $6°0 LT ¥ 0F - Ire [eyUSUNUOD ‘T—HOV
[oooz] v 12 uumg - 100 F 660 8TF IV - 1-40V

[L661] 17 12 35oh €0F8T - 60°0 F 060 0S F ¥ €F¢€ XO4dVL

[zooz] v 12 avaipuy TOFTS - - ¥SF L8 - (L6—56) ANHOVIV

[1002] 10 12 BULULIO,T 61FO0€ CIF68 €00 F 260 0€ F 06 rF6 96-ANHOVYV

[zoo0z] v 12 uvpriayg - - 90°0 F £€8°0 8€ F ¥L 01 ¥ 91 (W] ¢ 1) TAWD/VVON XJOANI

[zo02] v 12 uvpriayg - - S0°0 F 18°0 9T F 8S LF I (o 1-0) TAWD/VVON XTOANI

Aps siy pu pu 80=)S1Ft8 SO0 F 280 LTFSS LFEl VA XFOANI
Apmus sty pu pu pu T0°0 F8L°0 TTFES 9F¢I VAS XHOANI
Apmys suyp ®0=,)50F6+ (90=,60FTL Co=T11F08 ¥0°0 F 08°0 YEFTL 8 F 8l VIANI XHOANI
Apms siyy (€0=060%FC¢ pu 90=,)TIF9S 90°0 F €870 TLF T SF6 TN YOTEIN XAOANI
Apms sty (1=)00FSt pu ©0=)61FCL 100 F 1870 SSFI6 0l ¥ 0T TEDT YOTRN XTOANI
Apmys suyp (So=.0907FL¢ T0o=,8TFLL (S0=,)9TF80I S0°0 F 08°0 6T F 9 LF 8l TIN 924 XTOANIT
Apms sty pu pu pu €0°0 F 6L°0 6F F 08 01 F0¢ 142! 994 XHOANI
Apms siy 60=-Dt0F8% pu Lo=,)80F9¢ S0°0 F T80 9¢ F S 8 F Tl YoreN XH4OANI
Apms sy (S0=,)L0F9% (To=,08CTFLL (S0=,)9TF801 ¥0°0 F 08°0 €€ F 89 8 F 81 924 XJOdNI
Apms siy Lo=,50F¢S¥ pu (90=,)80F+'L SO0 F 180 9T F 9¢ 8 F I TIIN XJOANI
Aprgs sy 60=;)L0F9F pu 90=,)81FCTL €0°0 F 08°0 0S F S8 6 F0C 12T XJOANI
Apms sy ®0=)r0F6¥ Fo=,)tvTFEC8 Lo=,)L07FI'8 SO0 F 180 Y€ F 79 8 F 91 [e30) XHOANI
wu ges @ (w0 <D (w31 0'y>D8) W gee = X
SOOURIRJOY 8w S 8w %o om WA %0 WA <0 20In0g

SIUSWRINSBIA] NI XAOANI Sutngg (%o pue o ©m dsp «dvg) sigpuered [osoroy [eondQ Jo soSeIoAy *€ dqeL



MAYOL-BRACERO ET AL.: CARBONACEOUS AEROSOLS OVER THE INDIAN OCEAN INX2

250

0, =49204m°g", r’=08

200 1

150 A

100 A

50 4

Scattering coefficient at 550nm, Mm™!

— T
0 5 10 15 20 25 30 35 40 45
Estimated aerosol mass, ug m3

Figure 9. Regression analysis of aerosol light scattering
coefficient as a function of estimated aerosol mass, EAM.
The EAM is the sum of the mass concentrations of POM,
BC, and water-soluble ions.

ison, values observed during ACE-1, where the anthropo-
genic influence was minimal (mamly natural maritime
aerosols) were much lower (0.66 to 38 Mm ™).

[43] Excluding three outliers (Table 1), for which o,
would have physwally impossible values, we found an o,
value of 4.9 m g~ ! (using RMS analysis), with a very good
correlation (¥ = 0.8) (Figure 9). This value is close to
values estlrnated by Penner et al. [1998] for ammomum
sulfate (5.07 m* g~ ') and fossil fuel OC and BC (4. 84 m?
g~ 1. Also, it compares well with the value of 5.2 m* g
obtained for the fine aerosol fraction during ARACHNE
(1995—-1997) [Andreae et al., 2002].

[44] The values of oy, presented in Table 3 show no
significant differences within the different layers and sam-
pling periods, suggesting aerosols of similar size distribu-
tions and/or refractive indices.

3.5.3. Single Scattering Albedo

[45] The single scattering albedo (w,), which is the ratio
of scattering to total extinction, was estimated from the oy,
and o,, values using the equation,

—1

Wo = "SP/(GSP + Gap)

All values were between 0.74 and 0.95 (for dry conditions),
with an average of 0.81 + 0.05 for the polluted layers.
Similar results for the entire INDOEX data set are presented
by Sheridan et al. [2002] and are included in Table 3. A
comparison with w, values observed at other locations is
also presented in Table 3. In general, INDOEX values of w,
were significantly lower than at other locations influenced
by anthropogenic emissions (Table 2) and constant within
the different periods and layers. This is consistent with the
unusually high fraction of BC found (14% on average),
suggesting that the chemical species responsible for this
large absorption is indeed BC. Other studies have reported
similar results in terms of the highly absorbing aerosol
present over the Indian Ocean region [Ackerman et al.,
2000; Satheesh and Ramanathan, 2000].

[46] As outlined in the preceding two subsections and
from Table 3, the optical properties of the INDOEX fine
aerosol are not significantly different between the layers
(MBL or rCBL). However, in the MBL, values of w, and
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0qp (as mentioned before) along with the BC concentra-
tions seem to vary between the two periods pointing to
aerosols with a high absorbing character during the Febru-
ary period.

[47] The value of w, determines the sign of the radiative
forcing [Haywood and Boucher, 2000]. The low w, values
observed during INDOEX, resulting from the high fraction of
BC (high absorption), result in a strongly negatlve radiative
forcing of aerosols at the surface (—23 W m ™), buta posmve
forcing at the top of the atmosphere (+16 W m~?) (Ram-
anathan et al., unpublished manuscript, 2000). This could
have signiﬁcant impacts on climate. For example, a decrease
in surface solar heating could decrease evaporation and thus
the intensity of the hydrological cycle. Additionally, heating
of the atmosphere could evaporate low-level trade cumulus
clouds embedded within the aerosol layer resulting in a net
warming influence [Ackerman et al., 2000; Satheesh and
Ramanthan, 2000; Ramanathan et al., 2001].

3.6. Sources of Aerosols in the Polluted Layers

[48] During INDOEX IFP the dominant source region of
aerosols in the study region (Arabian Sea, Bay of Bengal,
and NIO) was India. In this country, for the year 1990,
burning of biomass and fossil fuels contributed about 64%
and 36% to the total fuel consumption, respectively. The
largest contributions were from the burning of wood (33%),
coal (30%), animal waste (14%), and agricultural residues
(13%) [Venkataraman et al., 1999].

[49] Most of the biomass burned in India is used as fuel
for cooking and heating. Streets and Waldhoff [1998]
estimated this value to be about 49% of the total energy
consumption, mainly fuel wood (60%), crop residues
(21%), and animal waste (19%). These values are similar
to the ones presented by Venkataraman et al. [1999] for
biomass (wood 51%, animal waste 22%, and agricultural
residues 20%). The contribution of forest fires and burning
of grassland is thought to be low (less than 7%).

[s0] The major fossil fuels burnt in India are coal and
diesel. Venkataraman et al. [1999] estimated a contribution
0f'49% from coal emitted in power plants, 8% from coal from
the steel industry, and 8% from diesel. For 1996, Marland et
al. [1999] calculated that coal and oil burning in India
contributed 70% and 23%, respectively, to fossil fuel derived
CO,; emissions. Cooke et al. [1999] have also pointed out the
dominant contribution of coal and diesel to fossil fuel
burning. These estimates do not refer to recent years, how-
ever, so we have estimated emissions for the year 2000 using
projections from the Regional Air Pollution Information and
Simulation Model for Asia (RAINS-Asia 8.0) [Downing et
al., 1997]. These emissions reflect recent trends in fuel use
and are determined from detailed energy-use data by fuel type
and sector. Table 4 shows that direct coal combustion con-
tributed 32% to total energy supply (22% from power
generation and 10% from industrial manufacturing). Biofuels
contributed 33%, and all oil products combined contributed
20%, the majority of which was diesel oil.

[5s1] The burning of fossil fuels and biofuels can release
significant amounts of pollutants (gases and acrosols) into
the atmosphere. The chemical analysis of the filter aerosol
samples collected during INDOEX provided an opportunity
to estimate the source strengths of these aerosols (e.g., fossil
fuel or biomass burning), and to compare measurements
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Table 4. Projections of Energy Use, BC, SO,, and S Emissions in India for Year 2000

Fuel Type Sector Energy, BC Emissions, SO, Emissions, S Emissions,
PJ Gg yr! Gg yr~ Gg yr!

Biofuel residential 6740 399 229 114
Coal power generation 4600 0.02 2740 1370
Coal industrial manufacturing 2080 0.66 987.0 493
Heavy fuel oil all 582 4.97 1030 516
Diesel oil stationary sources 773 4.49 180 90

Diesel oil transport 2020 53.1 470 235
Light fuel oil all 856 1.47 142 71.1
Natural gas all 1010 0 60.2 30.1
Other all 2042 0 70.5 353
Process industrial manufacturing 0 0 42.8 21.4
Total 20700 464 5950 2980

Gg = gigagrams = thousand metric tonnes. Process = non-combustion emissions from manufacturing processes. Source: year 2000 energy and SO,
estimates from the RAINS-Asia Model 8.0. BC emission factors from Streets et al. [2001].

with predictions based on emissions factors. In the following
sections, we will present (1) emissions that have previously
been calculated for species that are tracers either for biomass
or fossil fuel burning, (2) results for our chemical analyses
for the species of interest, and (3) a comparison between
emissions and field measurement results.

3.6.1. Emissions

3.6.1.1. Black Carbon

[52] As mentioned earlier, BC is a tracer for combustion.
The Global Emissions Inventory Activity (GEIA) (http://
groundhog.sprl.umich.edu/geia) provided the BC annual
emission per square degree over the Indian region (G.
Cautenet et al., unpublished manuscript, 2000). This inven-
tory shows that carbonaceous aerosols from either biomass
or fossil fuel combustion in India are mainly emitted from
areas with a high population density and with a significant
vegetated cover. Maxima are located in Bombay, Calcutta,
and the Ganges region.

[53] Streets et al. [2001] have done extensive work on
BC emissions for China. This work has involved a detailed
reassessment of BC emission factors, paying particular
attention to what fraction of emissions are truly in the BC
size range (<1 pm or so in diameter) and what fraction of
emissions are truly elemental carbon and not ash or organic
carbon. This work has also assessed the performance of
different kinds of combustors and the collection efficiency
for BC of control devices such as electrostatic precipitators.
We have applied the BC emission factors developed in this
China work to the Indian situation. We have also used the
RAINS-Asia model to estimate energy use, SO, emissions
and BC emissions in India by fuel type and sector. Results
are presented in Table 4, and represent projections for the
year 2000 from the base year of 1995. Here, BC emissions

are estimated to be 464 Gg yr~' with a contribution of 86%

from biofuel burning and 14% from fossil fuel combustion.
Biofuel combustion in rural cookstoves and for heating in
the north is the dominant contributor to BC emissions. The
major fossil-fuel contributor to BC emissions is from diesel
vehicles. Coal combustion for industrial steam raising and
power generation does not, in general, lead to high BC
emissions, because combustion conditions tend to burn out
any BC that is formed.

[s4] The work of Streets et al. [2001] enables us to
estimate the ratios of BC to total particulate matter in
emissions from the combustion of different fuels. This
fraction is 0.75 for diesel vehicles, 0.23 for biofuels,
0.006 for industrial coal combustion, and 0.0003 for power-
plant coal combustion.

[55] During INDOEX, Dickerson et al. [2002] estimated
BC emission from the rate of CO emission in India and the
ratio of BC to CO observed downwind. This analysis yielded
2-3 Tg (BC) yr '. To our knowledge, prior to INDOEX
(this study and Dickerson et al. [2002]) the only detailed
studies on emissions (segregated by sources) for carbona-
ceous aerosols in India have been carried out by Reddy and
Venkataraman [2002a, 2002b]. In their first study, BC
emission factors for fossil fuels (coal and petroleum) were
from studies in Italy [Bocola and Cirilo, 1989] and the
United States [USEPA, 1996]. These are not necessarily
applicable to India. In a more recent study (BC data
presented in Table 5), they derived the BC emission factors
for coal using values for Indian specific technologies and air
pollution control. For petroleum, they used BC emission
factors reported in the literature. In both studies, the values
used for biomass burning were from studies performed in
India. A summary of these values for fossil fuel, biofuel, and

Table 5. Comparison of BC and Sulfur from Fossil Fuel, Biofuel, and Mixed Emissions in This Study with the Study of Reddy and

Venkataraman [2002a, 2002b]*

Source This Study Reddy and Venkataraman [2002a, 2002b]

BC S S/BC BC S S/BC
Fossil Fuel 64.7 2860 44.3 106 2015 19.0
Biofuel 399 114 0.3 207 150 0.73
Mixed 463 2980 6.4 313 2165 6.9

aBC and S emissions are in Gg yr~'. BC emissions in this study are estimates based on the methodology applied to China by Streets et al. [2001]. S

emissions in this study are from RAINS-ASIA model for the year 2000 (extrapolations from the 1995 base year). BC emissions from Reddy and
Venkataraman [2002a, 2002b] are assuming 50% of time air pollution equipment in operation to account for malfunctioning of air pollution equipment. S
emissions from Reddy and Venkataraman [2002a, 2002b] are for year 1996—1997. All S emissions are derivated from SO, emissions.



MAYOL-BRACERO ET AL.: CARBONACEOUS AEROSOLS OVER THE INDIAN OCEAN INX2

mixed emissions is presented in Table 5 along with results
from our analysis for the purpose of comparison.

[s6] Additionally, a BC emission factor of 0.59 + 0.37 g
kg, has been estimated for biofuel from different previous
works (not specifically for India) [Andreae and Merlet,
2001]. Further on, these values are used for the purpose of
comparison.
3.6.1.2. Sulfur

[57] The main sources of sulfur gases to the atmosphere
are industrial activities and fossil fuel burning [Spiro et al.,
1992]. Only small quantities are emitted during biomass
burning [Andreae et al., 1988; Crutzen and Andreae, 1990;
Spiro et al., 1992]. Andreae and Merlet [2001] have
estimated an SO, emission factor of 0.27 + 0.30 g kg ™'
for biofuel burning. Oxidation of sulfur gases produces
aerosol SO3 . Sulfur species (i.e., SO, and aerosol SOff)
can be used as tracers of anthropogenic pollution.

[s8] The Emission Database for Global Atmospheric
Research (EDGAR) [Olivier et al., 1996] allows the
determination of the SO, emissions per square degree over
the Indian region (Cautenet et al., unpublished manuscript,
2000). It is observed that, as well as for BC, the SO,
production in India is mainly located along the western
coast (Bombay), in the southern tip, on the eastern coast
(between Madras and Calcutta), and in the northern part.

[59] The emissions of sulfur in India are better known than
those of BC. There have been several studies on this topic
[Spiro et al., 1992; Olivier et al., 1994; Streets and Waldhoff,
1998; Venkataraman et al., 1999] and most agree that
between 77 and 93% of these emissions are caused by fossil
fuel burning and industrial activities rather than biomass
burning. This is confirmed by the results from the RAINS-
Asia model for the year 2000. We estimate that total
emissions of sulfur in 2000 are 2980 Gg (S) yr~ ', of which
1863 Gg (63%) originate from direct coal combustion in
power and industry, 912 Gg (31%) are derived from oil
combustion, and only 114 Gg (4%) are derived from biofuel
combustion. Reddy and Venkataraman [2002b] obtained
similar estimates (Table 5). Their estimated sulfur emissions
are 2165 Gg (S) yr ' for the year 1996/97, of which 93% is
from fossil fuel and 7% from biofuel. The difference
between 2980 Gg and 2165 Gg could be entirely explained
by growth in energy use between 1996/97 and 2000.

[60] Our estimates do not include the combustion of
agricultural residues in the field after harvest nor combus-
tion of vegetation as part of land-clearing operations or
wildfires. These are extremely difficult estimates to make
without detailed knowledge of activities during the period
of experimental measurements. Nevertheless, when they
occur, these activities are large sources of BC (but not SO,).
3.6.1.3. Potassium

[61] Potassium (K")is a useful marker for biomass burning
[Andreae, 1983; Andreae et al., 1998]. 1t is released in large
amounts during the combustion process because it is a major
electrolyte in the cytoplasm of plants. On the other hand, it is
not emitted in significant quantities by combustion of fossil
fuels. The emission factor estimated for biofuel is 0.05+0.01
g kg~ ! [Andreae and Merlet, 2001]. No specific emission
data are available for the Indian Ocean region.
3.6.1.4. Acetonitrile

[62] Acetonitrile (CH3CN) is another unique marker for
biomass burning. It is emitted from fires during the smol-

29 - 15

| [BCTC =0.42+0.00 r?=0.9

Black carbon, ug C m3

Total carbon, ug C m=3

Figure 10. Regression analysis of BC versus TC aerosol.

dering phase [Lobert et al., 1990] and it is not produced in
large amounts in fossil fuel combustion. Its production from
biomass burning is estimated to be between 0.4 and 1.0 Tg
yr—!, while the fossil fuel contribution (mainly from liquid
fuels) is less than 0.03 Tg yr~—' [Holzinger et al., 1999]. In
biofuel, the estimated emission factor for this species is 0.18
g kg~ ! [Andreae and Merlet, 2001]. No specific emission
data are available for the Indian region.
3.6.1.5. Carbon Monoxide

[63] Carbon monoxide (CO) is another gaseous tracer for
combustion, especially biomass burning [Crutzen and
Andreae, 1990]. Its global production from biomass burning
(748 Tg yr~ ") is much higher than its production from fossil
fuel (300 Tg yr_l) [Holloway et al., 2000]. Lelieveld et al.
[2001], using the EDGAR database [Olivier et al., 1994],
estimated that the CO anthropogenic emissions for the Indian
region (including India, Bangladesh, Sri Lanka, Myanmar,
Nepal, Pakistan, and Maldives) are 110 Tg yr™ . It was also
estimated that ~70% of the CO emitted in this region is from
biofuel use and agricultural waste burning with approxi-
mately equal contributions from each [Lelieveld et al., 2001].
A biofuel emission factor of 78 31 g kg™ for CO has been
estimated [Andreae and Merlet, 2001].
3.6.2. Chemical Measurements

[64] In this section, ratios of the chemical tracers discussed
above (i.e., BC, SO;~, K", CO, and CH;CN) are used to
provide information in terms of the emission sources of the
aerosols in the INDOEX region. Table 6 presents (1) a
summary of the average BC/TC, BC/OC, K'/BC, SOf_/
BC, SO%‘/TC, BC/CO, and CH3CN/BC ratios during
INDOEX, (2) these ratios calculated (when possible) for
burning of biofuel (wood and agricultural residues) using
emission factors from Andreae and Merlet [2001], and (3) the
same information for previous studies in urban and indus-
trialized regions (from the mid Atlantic coast of USA,
Europe, Korea, and Japan), and in regions influenced by
biomass burning (in Africa and Brazil).
3.6.2.1. Ratios of BC/TC and BC/OC

[65] The near constancy of BC/TC (0.42 £+ 0.09) and BC/
OC (0.77 + 0.27) ratios for samples collected during the
entire INDOEX period and the good correlation (+* = 0.86)
between TC and BC (Figure 10) suggest that the INDOEX
aerosol carbon is predominantly primary. If these species
would have had similar source regions, the correlations
could have been driven by meteorological factors. However,



29 - 16 MAYOL-BRACERO ET AL.: CARBONACEOUS AEROSOLS OVER THE INDIAN OCEAN

INX2

‘Suruing ssewolq = gq

‘uonnyjod esnpur pue ueqin = gy
*SJUSWIINSBAW JJeIdIe I10Ae| AIepunoq dyj Ul BUUBABS ‘BOLY ‘(SJUBPIX() JO SYUIS PUEB S90INOS [BUOISAY 10J Judwiadxy) OSSTUIXH
‘soSeIoA® onouIILIe oIk sonfeA XHOANI

‘paInseau Jou 10 J[qe[IBAR JOU = —
0002 “7v 12 upwiday] PARUILIOP [BOD P[OYISNOY ‘[ISAIP WOL PIWNSSY
*(UOISIOAUODINUI JB[NOS[OUL) S OJUI POIISAUOD dIOM SaN[eA COS pue _rOS 'I1x) oY) ul pajudsald suorssiuo 10j sonel yim uostedwoos 1oy pajyuosard are sonel Dg/S q
‘uosLredwood 10J UMOYS dIe SIN[BA INJRIdNT,

(86611 17 72 yo42,] - - 110 F ¢S50 100 F €00 ¥00 T 600 €10 7 8T0 €007 210 €00 F 010 ad Tzeid ‘d-avoS
l6661] 10 12 uvjjomy - - $80°0 80°0 10 0 o 90°0 F0T°0 a9 ‘woyy 0SSTIdXA
[s661] 10 12 nspdouvy - - 0°0 $5°0 LEO 't L6°0 60 €N ‘ueder ‘oloddeg
l6661] 710 12 wry - - - - - - 10 F9L°0 $0°0 F €70 €N 210y [n03g
[20002] 77 1o aoypaoN - - - 8TFSS VTFITS TLF TSI TTOF 850 TI0 F 8€0 N “(uoronuqns) -4V
0 - 0 - - - 0’1 00 F S0 RELIRIBE|
[1002] 1211094 pup avaipuy 91°0 F 1€0 L00°0 F 800°0 €0 F 600 80 F 180°0 00 F €20 010 F 0,0 90 F S1°0 SOFII0 Jonjorg
Apms sip 170 F 610 €00°0 F L00'0 LO0F ¥T°0 LEO F S8°0 9€°0 ¥ 28°0 801 F9¥'T ST'0 ¥ §50 LO0F S€0 TEN YN XTOANI
Aps sty 10°0 F S0°0 $00°0 ¥ 600°0 00 F 910 010 ¥ 0L°0 U0 F 450 9E°0 F 19' 170 F$9°0 600 F 6£°0 180! Yo XAOANI
Apms st 10°0 F €0°0 ¥00°0 F 110°0 SO0 FEI0 950 F S0'1 0T0F LLO 090 F T€T STOF 160 80°0 F L¥0 TEN 94 XTOANI
Aprs sty - $00°0 ¥ L10°0 10°0 ¥ 80°0 200 F $9°0 P10 F 20 WoF LTI LTOFS9°0 11°0 + 8€°0 D! 424 XAOANI
Apms st 610 F 220 £00°0 F 800°0 LO0F TTO 1£°0 ¥ 0870 ZE0F EL°0 L60F8IT 61°0 F LSO 80°0 F 9€°0 YoreN XAOANI
Apms st 100 ¥ €00 $00°0 F 2100 SO0F €10 LY'0 F 86°0 1T0FSLO ¥90 F 42T 020 ¥ 68°0 80°0 F 90 44 XAOANI
Aps st 200 F $0°0 #00°0 ¥ 600°0 LOOF91°0 b0 F 001 €707 8L0 0L'0FSET 8T0F 18°0 60°0 F £5°0 TN XAOANI
Apms sty 10°0 ¥ 90°0 900°0 ¥ T10°0 SO0FEI0 1€0 F L9°0 €10 640 8E°0 F LY'1 TTOF$9°0 600 F 8€°0 T80 XAOANI
Apmys st 20°0 F S0°0 $00°0 ¥ 010°0 LOOFST'0 €70 F €60 YTOF 40 €L0FTTT LTOFLLO 600 F 20 1210} XAOANI

SOUAIYY D9/NDHD 00/04 g/, oL/ T0S /S 09/ T0S 00/04 oLod 201mog

XAOANI Sunn( ong [1sso,f 1o Surwng sseworq I0J sI0jeoIpu] ‘9 d[qeL,



MAYOL-BRACERO ET AL.: CARBONACEOUS AEROSOLS OVER THE INDIAN OCEAN INX2

1 |s02BC=222+073 r?=0.4

Black carbon, ug C m-3

Figure 11. Regression analysis of SO~ versus BC.

this does not seem the case because of the constancy of the
ratios even when the BTs showed air masses of different
origin (i.e., INDIA versus SEA versus WA). As shown in
Table 6, the two ratios (BC/TC and BC/OC) are more
similar to those measured in urban and industrial areas
[Kaneyasu et al., 1995; Kim et al., 1999; Novakov et al.,
2000a] than in areas affected by biomass burning [Ferek et
al., 1998; Ruellan et al., 1999].

3.6.2.2. Ratio of SO /BC

[66] The aerosol SOF~ and BC measured during INDOEX
are correlated, although #* is only 0.43 (Figure 11). The
averaged SO3 /BC ratio was 2.22 + 0.73. This ratio is much
lower in areas strongly influenced by biomass burning (Table
6), suggesting that much of the aerosol pollution in the Indian
Ocean represents a mixture of biomass and fossil fuel
combustion.

[67] It is important to note here that international shipping
has been found to be a major source of sulfur emissions in
Asia, with the route from the Persian Gulf to the Indian
Ocean having one of the highest sulfur emissions (and
possibly particulate matter too) due to the traffic of oil
tankers [Streets et al., 2000]. It is estimated that sulfur
emissions in 1995 along this route were 53 Gg (S). This
could be a possible reason for the higher SO3 /BC ratios
observed at surface levels (cf. MBL samples with rCBL
samples). This could also explain the results obtained on the
R/V Ronald Brown during INDOEX, where an average
SO3 /BC ratio of about 7.7 (about 3.5 times higher than our
value) was found [Clarke et al., 2002].
3.6.2.3. Ratios of K*/BC

[68] The ratio of K'/BC should be higher for biomass
burning aerosol than for fossil fuel aerosol, since K" is
emitted in high concentrations during most types of biomass
burning [Andreae et al., 1983, 1998] and BC is released in
lower concentrations. However, the K'/BC ratio is highly
dependent on the type of biomass burned; therefore, its
interpretation is not straightforward. A ratio of 0.15 £ 0.07
for K'/BC was obtained during INDOEX. Comparison with
emission factors and interpretation of these results are
discussed in the following section (3.6.3).
3.6.2.4. Ratios of BC/CO and CH;CN/BC

[69] BC/CO and CH;CN/BC ratios were calculated for
our samples using the CO and CH3CN mass concentrations
obtained by Campos et al. (personal communication, 2000)
and Reiner et al. [2001], respectively. This resulted in an
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average ratio of 0.010 + 0.005 for BC/CO and 0.05 + 0.02
for CH;CN/BC. There are no data available in the previous
studies mentioned in Table 6 for the purpose of comparison.
However, since CH3CN background concentrations are in
the range of 0.1 ppb or lower (D. Sprung, personal com-
munication, 2000), the influence of biomass burning is
evident from the fact that concentrations reached as high
as 274 ppb in some of our samples.

3.6.3. Comparison of Measurements With Emissions

[70] Comparison of measured S/BC, K*/BC, BC/CO and
CH;CN/BC, and BC/TC ratios with emission ratios is
discussed in the following.
3.6.3.1. S/BC

[71] The sulfur species that was measured during the
chemical analyses was aerosol SO?;_. However, to facilitate
the comparison with the data on emissions, all SO3™ and
SO, (either from measurements or emissions), and the ratios
associated with them, were converted into S.

[72] The INDOEX S/BC ratio measured was 0.74 (SO3 /
BC = 2.22). The S/BC ratio calculated for mixed emissions
(fossil fuel and biomass burning) in India is about 6.4
(Table 5). In the Indian region, it is estimated that approx-
imately 51% (INDOEX period) of the SO, emitted is
oxidized into SO3~ [Venkataraman et al., 1999; Venkatara-
man, personal communication, 2000]. Assuming low vari-
ability in the concentrations of BC emitted and measured,
this gives an estimated aerosol S/BC ratio of 3.3. The
difference between the measured and the emissions ratios
could be due to several factors.

[73] BC measurements can be readily compared with
emissions because this species does not undergo chemical
conversion when released into the atmosphere and is only
subject to physical deposition processes. However, the case
for sulfur species is different. First, not all the SO, emitted
will undergo chemical conversion into aerosol SO3 . Glob-
ally, only about 50% will undergo such transformation,
principally by in cloud-oxidation which produces about
85% of the aerosol SO3, while the remaining 50% of
SO, is removed by deposition processes [Chin et al., 1996].
Despite the fact that it has been estimated that in India 51%
of SO, will be oxidized to SOF ™, it is possible that due to
the particular conditions during the INDOEX IFP, i.e.,
sparse cloud cover [Ackerman et al., 2000], a smaller
fraction of the SO, could have undergone such conversion.
Also, the fact that SOF ~ can be removed faster than BC by
wet deposition could have resulted in lower S/BC ratios.

[74] Another possible explanation for the differences in
these ratios is that the BC emissions may be underestimated.
The BC emission factors that we are using to calculate S/BC
were estimated based upon a methodology previously
applied to China. Here, it is assumed that all industrial coal
combustion in India has some level of particulate matter
control. However, if there is significant uncontrolled coal
combustion in the industrial sector, then the BC estimate
would need to be increased. The role of local sources of
emissions, such as emissions from the burning of fuel oil by
international shipping, needs to be further investigated.
Additionally, possible SOF underestimation or BC over-
estimation in the chemical analyses could have also con-
tributed to these differences.

[75] If we now compare our S/BC ratio of 0.74 with the
S/BC ratios calculated in this study for fossil fuel and
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biofuel emissions (44.3 and 0.3, respectively), we find that
our measurements seem to indicate a large contribution
from biofuel emissions. This is also suggested by a com-
parison of the emissions from Reddy and Venkataraman
[2002a, 2002b] with our ratio (Table 5). However, most of
our results point to a major contribution from fossil fuel,
with biofuel burning playing a lesser role. The reason for
these differences is still not understood.
3.6.3.2. K*/BC

[76] Since there are no data available on K emissions in
the Indian region, we use here the estimates presented by
Andreae and Merlet [2001] for both K and BC emissions
from biofuel. Their data show a large difference between
K'/BC from the burning of wood fuel (~0.09) and non-
wood biomass (~0.63). Assuming a K'/BC ratio of 0.0 for
fossil fuel and between 0.09 and 0.63 for biomass burning, a
biomass burning contribution of 20% would yield a K'/BC
0f 0.02—0.13. If the biomass burning contribution was 40%,
the range would be 0.04—0.25. The K'/BC ratio measured
during INDOEX was 0.15 + 0.07. This suggests that the
minimum biomass burning contribution, making the
unlikely assumption that the biofuel mix contained no
wood, would be 20%. However, the upper limit of this
contribution is not possible to determine. In theory, it could
have been up to 100% for a high wood fraction.
3.6.3.3. BC/CO and CH;CN/BC

[77] For CO and CH5CN, we followed the same approach
as before. The estimated BC/CO ratio for biofuel is 0.007 +
0.003 [Andreae and Merlet, 2001]. To estimate this ratio for
fossil fuel, we used the CO global estimate for fossil fuel of
300 Tg yr ' [Holloway et al., 2000; and the BC global
estimate for fossil fuel of 5.1 Tg C yr~ [Cooke et al., 1999].
This gives a BC/CO ratio of 0.017. Our INDOEX BC/CO
ratio is 0.010 £ 0.005. Therefore, although it is not clear
which source dominated, it is evident that both contributed.

[78] In the case of the CH;CN/BC ratio, the estimated
value for biofuel was 0.31 + 0.16 [Andreae and Merlet,
2001]. For fossil fuel, we assumed that this ratio is 0. The
INDOEX ratio is 0.05 £ 0.02, which suggests a strong
contribution from fossil fuel emissions.
3.6.3.4. BC/TC

[79] We have left the discussion of BC/TC ratios until
last because we want to use this ratio to address the
question of what fraction of the aerosol observed during
the INDOEX period was contributed by biomass burning
(BB) and how much by fossil fuel (FF). This analysis is
possible because the relative mass concentrations of BC
and OC depend on the sources of the carbonaceous
aerosol material and on the efficiency of the combustion
process. During BB, the emissions of OC are much higher
than the ones for BC, and the BC/TC ratio is typically
0.11 = 0.03, with relatively small variations between
different types of burning (e.g., biofuel use and burning
of agricultural waste [Andreae and Merlet, 2001]). How-
ever, during some types of FF combustion (e.g., diesel
engines) the ratio of BC/TC is about 0.5, indicating that
the concentrations of BC produced can be as high or
higher than the concentrations of OC [Gillies and Gertler,
2000; Gillies et al., 2001; Kleeman et al., 2000; Low-
enthal et al, 1994]. Consequently, BC/TC and BC/OC
ratios in particles from BB can be significantly lower than
in aerosol derived from FF combustion.
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[s0] In an attempt to estimate the contributions of FF and
BB to the air masses under study, we (1) assumed a FF
source with a BC/TC of 0.5 + 0.05, (2) used the estimated
BC/TC ratio for BB of 0.11 £ 0.03, and (3) used our
INDOEX total averaged BC/TC ratio of 0.42 + 0.09.
Contributions of BB and FF of about 20% and 80%,
respectively, were obtained. Applying this reasoning to
the different periods and/or layers presented in Table 6,
we found that the contributions of BB and FF ranged from
10 to 40% and 60 to 90%, respectively, throughout
INDOEX. Extreme cases were, for example, sample 2 from
RF 2 (February period). Here, the BC/TC ratio was 0.5,
which gives a 100% FF contribution. In the other extreme is
sample 4 from RF 13 (March period) for which the BC/TC
ratio was 0.29 and a 54% BB contribution was estimated.
However, the predominant situation was when both bio-
mass burning and fossil fuel inputs were contributing
significantly. This is well illustrated with a sample collected
in the rCBL during RF 13 (sample no. 6). Here, we found
three indicators of BB in very high concentrations: (1)
CH;CN with a concentration of 0.31 pg m > (0.73 ppb) (D.
Sprung, personal communication, 2000), (2) CO with a
concentration of 343 pug m > (274 ppb) (T. Campos,
personal communication, 2000), and (3) K* with a concen-
tration of 0.98 ug m > [Gabriel et al., 2002]. These are the
highest mass concentrations observed for CH;CN, CO, and
K" within our samples and they suggest the significant
influence of biomass burning. However, the high concen-
tration of SO;~ (12.7 pg m ), high ratios of BC/TC
(0.40), BC/OC (0.67), and SO3 /BC (2.0), and low ratio
of K'/BC (0.15) observed also indicate the significant
influence of fossil fuel combustion. In this sample, we
estimated a 74% FF contribution and a 26% BB contribu-
tion, which is close to the average values observed through-
out the whole INDOEX period.
3.6.3.5. Comparison of Source Contributions for
Different Periods and Layers

[81] In general, we observe that the contribution of fossil
fuel dominates throughout the entire INDOEX period. The
dominant emissions (fossil fuel or biomass) are, however,
more evident when the data are segregated according to
periods and layers (Table 6). The highest contribution of BB
(still lower than the FF one) was observed in the rCBL and
in the March period (lowest BC/TC, SOf*/BC, and BC/CO
ratios, and highest K'/BC and CH3CN/BC ratios). The K'/
BC and SO; /BC ratios were always higher in the MBL,
probably due to the higher fraction of POM observed in the
rCBL. Novakov et al. [2000b], in their preliminary analysis
of the carbon, SO?(, and K* content of samples collected
on INDOEX C-130 RFs 2, 3, and 10 (flights belonging to
our February period), concluded that FF combustion, and
not BB, was the major source of the fine carbonaceous
aerosols during INDOEX. This is true, especially for the
February period and the MBL, as it is seen in Table 6.
However, it is important to note the increase in the con-
tribution of BB during the March period (as high as 40%).
This increase in BB was probably due to the change in the
meteorological conditions during the second half of the
INDOEX period (as discussed by Rasch et al. [2001] and
Verver et al. [2002] and as explained in section 3.2).

[82] Due to the major influence of fossil fuel and the high
fraction of BC (and, therefore, strong absorbing character of
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the polluted layer), we believe the predominant source of
the INDOEX carbonaceous aerosols is diesel vehicles,
poorly adjusted two-cycle engines, and open coal burning
mostly generated in the Indian and South Asian subcon-
tinents. The origin of the observed biomass burning seems
to be biofuel, which is widely used in India, mainly for
household purposes [Olivier et al., 1994; Reddy and Ven-
kataraman, 2002b]. However, long range transport of bio-
mass burning from forest fires in SEA could also have had
an influence in some of the samples, as indicated by the BTs
especially during the March period (e.g., RF 18).

[83] As we have commented, emissions and measure-
ments are not in total harmony. We pointed to a major
signature of fossil fuel combustion in the observations
(chemical measurements), but emissions point to a domi-
nant signature of biofuel combustion. Further work is
needed to reconcile emissions, atmospheric transport and
conversion, and observations. It is clear that industrial and
power generation coal use is predominantly concentrated in
the northern half of the country, while biofuel use dominates
in the southern half; diesel oil is used in cities. The patterns
of emissions of BC and SO, are quite well understood, but
how they relate to observed concentrations depends on the
movement of air masses and the meteorological conditions
encountered in route. For example, if conditions are largely
dry and cloud-free, then less sulfate will be measured at the
receptor site for a given quantity of SO, emitted. The
distance from source to measurement site will also have a
bearing on conversion and deposition rates. The role of
local sources and the elevation of emissions from different
sources types are also important. All these factors will be
considered in future work on source identification.

4. Conclusions

[84] Presented here are results for the chemical composi-
tion, optical properties, and possible sources of fine aerosols
collected during airborne measurements over the Indian
Ocean during the winter monsoon (February—March) of
1999. The mean estimated aerosol mass for the polluted
layers (rCBL and MBL), excluding insoluble inorganic
components, was 15.3 = 7.9 pg m °. The major contribu-
ting species were POM (35%), SO3~ (34%), BC (14%), and
NHj (11%). In the rCBL, the fraction of POM was found
higher than SO3~, probably due to faster conversion of SO,
into SO7~ in the MBL. The carbonaceous fraction was
found to be a major and sometimes dominant contributor to
the aerosol mass aloft. The good correlation between BC
and TC suggests a predominantly primary nature of the
INDOEX carbon aerosol.

[s5] BC was present in unusually high concentrations and
correlated quite well with the light absorption coefficient. A
strong correlation was also found between oy, and the
estimated aerosol mass. The high fraction of BC, along with
the low w, values observed, suggest that this species is
responsible for the strong light absorption properties observed
for the polluted layers. A highly absorbing aerosol (low w,
values) could have serious implications for climate (e.g.,
decreasing the intensity of the hydrological cycle and reduc-
ing the cloudiness associated with trade cumulus clouds).

[86] The information derived from our measurements
(high BC/TC, BC/OC, SO3 /BC, and BC/CO ratios, coupled
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with low ratios of K'/BC, and CH;CN/BC ratios) suggest that
the high pollution levels observed during INDOEX were
mainly the result of fossil fuel-derived aerosols (60 to 90%).
Notwithstanding this fact, the contribution of biomass burn-
ing was evident for most of the samples (10 to 40%),
increasing during the March period and in samples collected
in the rCBL. Emissions estimates for the source region,
however, point to a dominant signature of biofuel combus-
tion. Further work is needed to reconcile emissions, atmos-
pheric transport and conversion, and measurements.
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