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[1] In March 1999, that is to say, during the Indian Ocean Experiment (INDOEX)
Intensive Field Phase, various aerosol characteristics have been measured on the campus of
Goa University (Goa, India: 15� 240N, 74� 480E). This site, located on the western coast of
India, is at the exit of the continent during the winter northeastern monsoon, and the
variability of the aerosol characteristics measured here will certainly reflect the variability
of aerosol properties over large INDOEX areas. Concentrations in total suspended matter
(TPM) and fine particles (PM1) were determined by means of a two-stage sampler. They
varied greatly during the measurement period (e.g., between 30 and 120 mg/m3 for the
TPM) but were found to be, on the whole, of the same order of magnitude as those
measured far downwind of the Indian subcontinent, namely at Kaashidhoo Climate
Observatory (KCO, the Maldives). The aerosol mass composition determined by
combining XRF analysis (for inorganic elements) and thermal analysis (for carbonaceous
components) of filter samples shows that mineral dust (MD) and sea salt (SS) dominate this
mass composition. For instance, temporary inputs of MD from distant desert sources
explain the observed TPM variations. In contrast, aerosol number concentrations and size
resolved composition determined by using optical particle counters, microscope
observation, and low- or high-pressure stage impactors, reveal that in terms of numbers,
black carbon (BC) is by far the dominant species in the submicron mode. These particles
are frequently coated by less absorbing matter, presumably a mixture of sulfate and
condensed organic compounds. By using the time variability of the K/BC ratio, it is also
shown that the origin of carbonaceous components varies during the measurement period.
In early March, 70% of BC is produced by fossil fuel combustion and 30% by biomass
burning, but the contribution of biomass burning increases during the period of the
experiment until the previous proportions are reversed around March 25. Comparison of
these results with other INDOEX measurements indicates that the spatial gradient observed
for aerosol concentrations and composition in the northern part of the IndianOcean are of the
same order of magnitude as the temporal variability observed at Goa. INDEX TERMS: 0305
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1. Introduction

[2] By scattering and/or absorbing both solar and Earth
radiation, aerosols can have a significant effect on climate.
Their optical properties that condition their impact on atmos-
pheric radiative transfer mainly depend (through their com-

plex refractive index) on their composition, state of mixing,
size distribution, and shape. Due to the temporal and spatial
variability of their sources and to the relative shortness of
their residence time, especially in the lower troposphere,
these properties are highly inhomogeneous. Computing aero-
sols radiative forcing in a given region thus requires accurate
aerosol models. Developing suchmodels from field measure-
ments is particularly crucial for areas where the atmospheric
aerosol load is known to be important. This is the case of the
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Indian Ocean over which an international campaign (Indian
Ocean Experiment: INDOEX) has been designed [Ramana-
than et al., 1995] to study the transport towards the Arabian
Sea and Indian Ocean of polluted air masses under the
influence of the winter (northeasterly) monsoon.
[3] During the 1996 and 1998 INDOEX pre-campaigns or

during the 1999 Intensive Field Phase (IFP) an international
fleet of instrumented ships and planes has been used to
investigate punctually the aerosol composition and optical
properties over the Indian Ocean [Ramanathan et al., 2001].
These properties have also been measured continuously at
the Kaashidhoo Climate Observatory (KCO) in the Republic
of the Maldives [Satheesh et al., 1999; Lelieveld et al.,
2001], located far downwind of the Indian subcontinent. The
aim of this paper is to document the aerosol phase before its
transport over the ocean by results of measurements per-
formed on the campus of the Goa University (Goa, India: 15�
240N, 74� 480E) during the 1999 INDOEX IFP. In the first
part of this paper instruments and methods are presented.
The second part focuses on aerosol size distributions and
composition retrieved from ground-level measurements.
Reasons explaining the variation with time of major aerosol
components are analyzed but, afterwards, special attention is
paid to submicron particles because of their importance in
terms of optical properties in the visible spectrum. In
particular, the contribution of biomass burning to the atmos-
pheric load in carbonaceous components is assessed. Finally,
results obtained at Goa are compared to results of measure-
ments performed over the North Indian Ocean (NIO), but
further away from the coast, during the 1996 and 1998
INDOEX pre-campaign cruises or during the 1999 IFP.

2. Experiment

2.1. Site Location

[4] The Goa University campus is located on the western
coast of India (Figure 1), about 500 km south of Mumbaı̈
(Bombay) and 5 km south of the Goa State capital city
(Panjim, pop: 70,000). The experimental site is bounded by
the Arabian Sea on its western side, by a large estuary on its
southern side and by land on the other sides. The instruments
were implemented about 10m above the ground on the terrace
of a small isolated building. This building was surrounded by
a very sparsely vegetated lateritic cuirasse rich in Fe andAl as
indicated by its reddish-brown color. Though not exclusively,
experiments on the Goa site were essentially carried out
between March 1 and March 26, 1999. The instruments used
during this periodmay be separated into two categories: those
aiming at determining the aerosol composition at ground level
and those measuring ground level or vertically integrated
optical properties. The primary objective of this paper being
the determination of aerosol characteristics at ground level,
instruments belonging to the first category only are presented
here. Those belonging to the second one are described in a
paper (S. C. Alfaro et al., manuscript in preparation, 2003)
focusing on the aerosol optical properties.

2.2. Material and Methods

2.2.1. Aerosol Mass Concentrations and Size
Distribution
[5] For assessing the time dependence of aerosol mass

concentrations, aerosol samples were collected between

March 2 and March 26, 1999 on pre-weighted nuclepore
filters with a 2 stage aerosol sampler. This sampler known
as the "Gent stacked filter unit (SFU) has been described by
Hopke et al. [1997]. Sampling was performed at ambient
humidity (recorded every 5 minutes with a Vaisala probe,
model HMP 35AC), and collection duration extended from
about 6 to 12 h. At the flow-rate used in the experiment (1.1
m3/h) the cut-off aerodynamic diameter between the two
stages of this sampler is approximately 1 mm. Thus the
average mass concentrations in particles smaller than 1 mm
(PM1), in ‘coarse’ particles larger than 1 mm (CM), and in
‘total particle matter’ (TPM = PM1 + CM) could be derived
simply for each sampling period by weighting both filters
after drying.
[6] During the experiment several instruments listed in

Table 1 were also run in parallel to determine more precisely
the aerosol size distribution at ambient humidity. Between
March 20 to March 26 particle number concentrations were
measured continuously in 6 diameter classes (0.3–0.5, 0.5–
0.7, 0.7–1.0, 1.0–2.0, 2.0–5.0, >5.0 mm) by the means of
an optical size analyzer (OSA, model MET ONE 237B).
According to the manufacturer, the precision of the meas-
urements is better than 5% in each size class.
[7] A condensation particle counter (CPC, model TSI

3022A) coupled to a diffusion battery (DB, model TSI
3040) was operated manually at 25 different times between
March 13 and March 23. The CPC provided the total
concentration of particle having a diameter between 0.007
and 3 mm (with a 100% efficiency above 0.02 mm), while
the DB provided the parameters (mean geometric diameter,
geometric standard deviation and amplitude) of the best
lognormal fit to the size distribution of particles having a
diameter between 0.02 and 0.2 mm. When the OSA and
CPC counters were run in parallel (13 occurrences between
March 20 and March 26), subtracting the number of
particles larger than 0.3 mm (as measured by the OSA) to

Figure 1. Map showing the location of the Goa University
experimental site and of the Kaashidhoo Climate Observa-
tory (KCO, the Maldives).
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the CPC measurements provides an additional size class
(<0.3 mm) to the six ones directly available from the OSA
counter. An iterative procedure based on a least square
routine [Gomes et al., 1990] can then be applied to
determine the parameters of the 2 or 3 lognormal distribu-
tions the combination of which best fits the number of
particles measured in the seven size classes mentioned
above. These mathematical functions do not necessarily
correspond to real particle populations, but they can prove
useful in that they help simplify the representation of the
overall aerosol size distribution, especially when bulk
aerosol is a complicated mixture of numerous components
as is the case at Goa (see below).
2.2.2. Aerosol Composition
[8] Black carbon (BC), sea-salt (SS), non-sea salt sulfates

(NSS), other non-sea salt water soluble such as nitrate
(WS), non absorbing condensed organic phases (particulate
organic matter, POM), and mineral dust (MD) are expected
to be the main aerosol components over the polluted site of
Goa as well as on a large part of the northern Indian Ocean.
In order to determine the apportionment of the Goa aerosol
between these components, several parallel measurements
have been performed.
2.2.2.1. Inorganic Components
[9] Low-volume sampling lines have been used between

March 1 and March 26, 1999, to collect aerosol particles on
0.4 mm-Nuclepore filters at ambient humidity, and at a
constant flow rate (1m3.h�1). In these experimental con-
ditions the omni-directional sampling inlets that were used
[Liu and Piu, 1980] have a 20 mm estimated cut-off size.
The filters were submitted to X-ray fluorescence analysis
(XRF, Phillips, model PW2404) or observed under trans-
mission (TEM, JEOL, model 100 CXII) or scanning (SEM,
JEOL, model JSM 6301F) electron microscopes (see
below). XRF provides the mass of major (Al, Si, Na, S),
or trace (K, Fe, . . .) inorganic elements collected on each
filter. By using the average Al mass fraction in mineral dust
that is about 8% [Taylor, 1964], the bulk aerosol mass
concentration in mineral dust (MD) can be retrieved from
Al mass concentrations:

MD ¼ A1=0:08 ð1Þ

In a similar manner, the atmosphere concentration in sea salt
(SS) can be obtained from Na concentrations once a

correction (0.1Al) due to the presence of Na in mineral dust
has been taken into account [Chiapello et al., 1999]:

SS ¼ 3 Na� 0:1A1ð Þ ð2Þ

Finally, concentration in non sea-salt, non mineral sulfates
(NSS), assumed to be under the form of ammonium sulfate,
can be derived from S measurements by the following
equation [Chiapello et al., 1999] accounting for crustal and
sea-salt component sulfur:

NSS ¼ 4:19 S� 0:082Na� 0:0018A1ð Þ ð3Þ

2.2.2.2. Carbonaceous Components
[10] An aethalometer (model AE 14, Magee Scientific)

was run continuously on the site from February 16 to March
26, 1999. This instrument measures almost in real time
(every 5 minutes) the variation of the absorptance of a filter
on which the ambient aerosol is progressively accumulated
by air filtration at 10 L/min flow rate. Assuming a constant
value, to be determined experimentally, for the mass
absorption efficiency (sabs) of BC considered as the only
absorbing aerosol component, the instrument provides time
series of the atmospheric mass concentration in equivalent
BC. Results are corrected for the apparent enhancement that
happened at each automated change of measurement spot on
the tape.
[11] Other aerosol samples collected on precleaned What-

man quartz filters between March 1 and March 22 were
submitted to decarbonation and thermal analysis according
to a method described by Cachier et al. [1989]. This
provides the ambient air mass concentration in total carbon
(TC), and in its BC fraction. The precision of the method is
estimated to 10%. The missing (TC-BC) organic carbon
(OC) is attributed to the presence of particulate organic
matter (POM). It is usually considered [Liousse et al., 1996]
that the POM concentration can be evaluated from that of
OC by:

POM ¼ 1:4OC ð4Þ

2.2.3. Size-Resolved Composition
2.2.3.1. Cascade Impactors
[12] In order to assess the size resolved composition of

the aerosol, a custom made EGA 80 low-volume cascade

Table 1. List of the Instruments Used for Chemical or Physical Characterization of the Aerosol at Goa During the

INDOEX Intensive Field Phase (See Text for Details)

Type of Instrument

Specific Working Conditions

Purpose or Chemical AnalysisFilter Type Flow Rate

Low-volume sampling lines (�2)
1st line Nuclepore 0.4 mm 1 m3/h TEM and SEM (+EDS), XRF
2nd line Whatman (quartz) - BC, OC concentrations

Stacked filter unit
1st stage Nuclepore 0.8 mm 1.1 m3/h Coarse particle mass concentration
2nd stage Nuclepore 0.4 mm - PM1 mass concentration

Cascade Impactors
EGA Nuclepore 0.4 mm 1 m3/h IC, XRF
DLPI Nuclepore 0.4 mm 0.6 m3/h

CPC Particle number concentration
OSA, Diffusion Battery Number size distribution
Aethalometer BC concentrations
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impactor [Bergametti et al., 1982] was used from March 11
to March 23 to sort aerosol samples according to their
aerodynamic sizes. At the nominal flow rate of 1 m3.h�1 the
50% aerodynamic cutoff diameters of the five stages of this
impactor are 8.75, 3.90, 1.95, 1.25, and 0.65 mm. A final
backup filter is also used as an additional stage to collect all
the very fine particles that have not impacted on the first
five stages. Because the cut-off diameters of the various
stages are mostly in the super-micron range, this impactor is
mainly used to assess the size distribution of relatively
coarse species. Some of the samples collected with it have
been analyzed by XRF to determine the mass of mineral
dust and sea salt present on each impactor stage. Suppressed
ion chromatography (IC) has been used on other samples to
determine the mass of major soluble anions (Cl�, SO4

�,
NO3

�) present on each stage. With both analysis methods the
fitting procedure already mentioned above [Gomes et al.,
1990] can be used to provide the mass amplitude (Am),
geometric mean diameter (dm) and geometric standard
deviation (sm) of the best lognormal fit to the measure-
ments. Assuming sphericity of the particles, these mass
results can be converted into number ones by using the
following equations [Seinfeld and Pandis, 1998] in which
the number parameters (subscript n) are expressed as
functions of the mass ones and of the particle density, rp.

sn ¼ sm ð5Þ

dn ¼ exp ln dmð Þ � 3 ln2 sm
� �

ð6Þ

An ¼ Am= p=6rpdm
3

� �
ð7Þ

A DEKATI low-pressure impactor (DLPI, DEKATI Ltd)
working at a nominal flow rate of 10L/mn has also been
used punctually on three occasions between March 11 and
12 before its pump broke off. This device provides a much

better separation of the particles in the submicron range than
the EGA impactor. Indeed, the aerodynamic cut-off
diameters of its 13 stages are 0.03, 0.058, 0.103, 0.167,
0.256, 0.395, 0.640, 1.00, 1.62, 2.47, 4.00, 6.62, and 10.24
mm. It is mostly useful for determining the size distribution
of inorganic elements having a strong submicron compo-
nent, especially S and K (see below). These elements are
particularly important because they are linked, respectively,
to non sea salt sulfate (equation (3)) that is usually
considered as a major aerosol component in polluted areas,
and to some BC particles - those for which a high K/BC
ratio is a fingerprint of their biomass burning origin. As in
the case of the EGA impactor, results can be expressed in
terms of mass (or number) parameters of lognormal modes
after the aforementioned deconvolution procedure has been
applied to the measurements.
2.2.3.2. Microscope Observations
[13] When coupled to energy dispersive spectrometry

(EDS) that allows determination of particulate individual
elemental composition, TEM observation of aerosol sam-
ples collected on nuclepore filters provides identification of
particles belonging to different species as well as qualitative
and quantitative assessment of their morphological charac-
teristics. Number size distributions of the various particles
can also be obtained by visual sizing and counting. If
necessary, these size distributions can be converted into
mass size distribution by using (5), (6), (7).

3. Results and Comments

3.1. Aerosol Mass Composition

3.1.1. TPM and PM1 Mass Concentrations
[14] For the measurement period the average TPM and

PM1 mass concentrations are 59.9 and 27.2 mg/m3, respec-
tively, but important fluctuations are observed around these
mean values (Figure 2). From high values at the beginning
of the measurement period TPM and PM1 concentrations
drop to a minimum reached around March 12, this decrease
is followed by a first peak for both concentrations observed

Figure 2. TPM (black squares) and PM1 (open squares) concentrations deduced from direct weighting
of two stage-impactor filters (see text for details).
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between March 12 and March 20, then by a second one,
relatively more pronounced for the TPM than for the PM1,
reached around March 22–23. In the meantime, the ratio
PM1/TPM computed from the previous values does not
show any visible trend. Its remains between 40 and 60%
except just before the end of the observation period when it
drops to about 30% because of the temporary increase in
TPM concentrations that, at this particular time, is not
accompanied by a corresponding increase in PM1.
3.1.2. Aerosol Components
[15] Mass concentrations of SS, NSS, and MD are plotted

versus time in Figure 3. Averages of 4 punctual IC measure-
ments of sulfate, chloride, and nitrate concentrations are 3.6
(±1.6), 3.5 (±2.6), and 4.1 (±2.6) mg/m3, respectively.
[16] Concentrations of carbonaceous species have also

been added in Figure 3. BC, and OC concentrations have
been determined by thermal analysis of quartz filters. For
BC, concentrations derived at a very short time step (every
5 minutes) from aethalometer measurements have also been
reported. The BC mass absorption efficiency required for
this derivation (see above) has been chosen in order to
provide the best agreement between thermal and optical
methods at times when both measurements were simulta-
neously available. This direct calibration of the aethalometer
yields sabs = 17.6 m2/g. The high time resolution of this
instrument shows the existence of a diurnal concentration
cycle. A ratio of about 2 is obtained between early morning
and late evening concentrations. This can be explained on
the one hand by the nocturnal decrease in boundary layer
height combined with topographical effects on air masses
circulation [Leon et al., 2001] that lead to a general increase
in aerosol concentrations during the night, and on the other
hand by the fact that land breeze is probably more polluted
than marine air.

[17] At a larger time scale, the decrease in TPM and PM1
concentrations measured between March 1 and March 12 is
also observed for carbonaceous components (BC and OC)
measured during this period. When concentrations of all
main species become available (after March 12) it can be
seen that they vary with time, but not always in the same
proportions. Indeed, based on the MD concentration behav-
ior, the observation period can be split roughly into two sub-
periods: period 1 (P1) between March 12 and March 21, and
period 2 (P2) after March 21. During P1, MD concentra-
tions remain below 15 mg/m3 (Figure 3) and represent about
30% of the measured TPM (Table 2). The corresponding
dust can probably be considered as having been mobilized
locally, essentially by foot or motorized traffic. During P2,
MD concentrations raise dramatically to reach values as
high as 40 mg/m3. This can be explained by long-range
advection of dust produced by wind erosion in Arabian
deserts [Leon et al., 2001]. Evidence for this difference in
dust origin can be confirmed by using the Al/Fe ratio
determined from XRF analysis. During P1, the low value
of this ratio (1.14 ± 0.20) (Figure 4) is characteristic of the
ferralitic soils encountered in the Ghâts at the latitude of
Goa [Peterschmitt, 1993]. On the contrary, the significantly

Figure 3. Bulk mass concentrations in mineral dust (solid circles), non mineral and non sea salt sulfate
(open squares), and sea salt (open triangles) as determined by XRF analysis. Black carbon (open circles)
and organic carbon (solid diamonds) concentrations have been determined by thermal analysis. Black
carbon concentrations derived from aethalometer measurements have also been represented (continuous
line).

Table 2. Average Mass Contribution of Each Aerosol Species to

the TPMa

Period BC POM NSS SS MD WS

P1 5 (2) 22 (7) 13 (4) 23 (8) 29 (5) 8 (2)
P2 3 (1) 20 (8) 9 (2) 15 (7) 45 (9) 8 (1)
aValues are given in percent. Standard deviations are indicated between

brackets. Period P1 corresponds to ‘usual conditions’ and P2 to a particular
period when coarse dust was advected to Goa from Pakistani deserts (see
text for details).
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higher Al/Fe value (1.60 ± 0.26) observed after the March
22 sharp increase in dust concentration is typical of Arabian
deserts [Goldschmidt, 1958]. Due to selective advection of
MD, the mass proportion of this component reaches 45% of
the TPM during P2 (Table 2).

[18] During both P1 and P2, MD, SS, POM, and NSS are
major contributors to the aerosol mass load. Nitrate explains
about 8% of the mass load. This value for nitrate is in good
agreement with the 7% determined by C-130 aircraft
measurements over the North Indian Ocean [Ramanathan
et al., 2001]. BC mass contribution is much lower. It
accounts for 3 to 5 % of the TPM, that is to say 6 to 10%
of PM1 if one uses the fact that BC is in the PM1 size range
and the value (0.5) of the PM1/TPM ratio.

3.2. Contribution of Chemical Species to
Number Size Distribution

[19] Thirteen size distributions measurements have been
performed with the CPC and the OSA during a period (from
March, 20 to March, 25) encompassing the end of P1 and
P2. The average humidity for this period is 85 (±10) %.
Deconvolution of these measurements show that the aerosol
size distributions can always be reproduced by the means of
only three lognormally distributed modes (Table 3). The
average values of the mean geometric diameter (gmd) and
of the geometric standard deviation (gsd) obtained by this
method for the finest of these modes (mode 1) are in good
agreement with the results provided independently by the
DB measurements (also reported in Table 3). This similarity
in results obtained by two physically different methods
suggests that the optical counter measurements are not
significantly biased by the fact that it has been calibrated
with non absorbing latex spheres.
[20] The amplitudes of the finest and second finest

populations (A1 and A2, respectively) are found to be larger
in the morning than in the afternoon by a factor of about 2,

which is consistent with the explanation provided above to
explain BC diurnal cycle. During P1, the mean value of the
ratio A1/A2 is 1310 ± 65 (standard deviation). This value is
significantly larger than the one found during P2 (540 ±
180). During the measurement period, the amplitude of the
coarsest mode (CM or mode 3) is found to be about 5 orders
of magnitude lower than the one of mode 1 (Table 3), but
because of the uncertainties attached to determination of this
low amplitude no day/night effect can be distinguished in
this case.
[21] In order to determine the physical characteristics of

absorbing particles, aerosol samples collected during the
second half of March were examined under the TEM and
the SEM. Numerous individual spherical particles (Figure
5a) were detected. Their composition determined by EDS
(Figure 5b) shows that they are essentially carbonaceous

Figure 4. Al/Fe ratio determined from XRF measurements performed on nuclepore filters. The sharp
increase observed between March 22 and 24 reveals that mineral dust inputs observed at Goa at this time
are not of local origin (see text for details).

Table 3. Characteristics of the Three Lognormal Modes

Identified in the Ground-Level Aerosol at Goa: Geometric Mean

Diameter, Geometric Standard Deviation, and Amplitudes of All

Three Modes Obtained by Deconvolution of Optical Counter

Measurementsa

N Mode 1 Mode 2 Mode 3

gmd, mm
deconv. 13 0.098 ± 0.013 0.92 ± 0.06 3.95 ± 0.065
DB 13 0.101 ± 0.012

gsd
deconv. 13 1.72 ± 0.13 1.69 ± 0.19 1.97 ± 0.08
DB 13 1.85 ± 0.14

Amplitude, m�3

morning 7 (11.1 ± 2.5) 109 (18.9 ± 1.0) 106 (4.06 ± 0.07) 105

afternoon 6 (6.3 ± 1.7) 109 (6.8 ± 4.6) 106 -
aHere, gmd, geometric mean diameter; gsd, geometric standard

deviation; deconv., deconvolution. Mode 1 gmd and gsd have also been
obtained by the means of a diffusion battery (see text for details). N is the
number of measurements.
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particles with a low-K content. These particles are char-
acteristic of smoldering biomass burning [Gaudichet et al.,
1995; Martins et al., 1998]. Their average dry number
diameter determined by visual sizing of about one hun-
dred of them is found to be close to 0.4 mm, which locates
them in mode 2 of the aerosol size-distribution. The
corresponding BC fraction will hereinafter be noted
BC2. A second type of absorbing particles can be found
in a much smaller size range (less than 0.1 mm). Though
these particles are frequently seen to be aggregated on the
nuclepore filters (Figure 6), they must correspond to a
carbonaceous component (CC1) of mode 1. Some of these
particles are made of a soot core (SC) surrounded by a
gelatin-like non-absorbing coating. They are similar to
those observed in biomass burning plumes in Brazil [Reid
and Hobbs, 1998; Martins et al., 1998]. Their coating is
likely made of a mixture of sulfate and organic com-
pounds. This type of coating not only alters the optical
properties of the soot, it may also enhance its hygroscopic
properties [Saxena et al., 1995]. The diameter of the dry
coated particles determined by visual sizing is of about
0.08 mm, and the one of the soot cores is assumed to be
the one (0.023 mm) of single soot particles [Gaudichet et

al., 1995; Hess et al., 1998]. It has to be noted that,
because POM is produced by condensation of organic
compounds released at high temperature during biomass
combustion, it is probable that most of POM can be found
under the form of soot core coatings.
[22] It is possible to determine the order of magnitude of

the unknown number fraction of CC1 in mode 1 (p1) and of
BC2 in mode 2 (p2) by noting that the mass concentration of
BC (CBC) measured by the aethalometer at each time is the
sum of mode 1 and 2 contents in BC (CBC1 and CBC2,
respectively), themselves depending on p1 and p2. If we
assume that the mass density (rBC) of the CC1 soot cores
(SC) and that of BC2 particles is the same (1.9 g/cm3

[Seinfeld and Pandis, 1998]), this leads to the following
equation:

CBC ¼ p=6rBC p1A1dSC;m
3 þ p2A2d

3
BC2;m

� �
; ð8Þ

where dSC,m and dBC2,m stand for SC and BC2 mass
diameters. They are computed from dSC,n (=0.023 mm),
dBC2,n(=0.4 mm), sSC(=1.8), and sBC2(=1.7) by using (6).
[23] The p1 and p2 values are then determined by a least

square iterative routine intended to provide the best agree-
ment between all the measured CBC values and those
computed from (8). It is found that p1 = 0.7 and p2 = 0.1.
There is an independent way of checking the dominance of
BC over mode 1 indicated by the high p1 value. Indeed, the
fact that a significant fraction of BC is found in mode 1
should imply a strong correlation between the amplitude of
this mode (A1) and the atmospheric content in BC as
measured for example by the aethalometer. Such a correla-
tion exists (Figure 7), and a significant (r2 = 0.85 for 13
points) linear dependence of A1 to BC (in mg/m3) is
obtained:

A1 ¼ 4:1 109BC ð9Þ

[24] The 70% number proportion of CC1 in mode 1, and
10% of carbonaceous particles in mode 2 are also consistent
with Guazzotti et al.’s [2001] observations. Indeed, by using
time of flight mass spectrometry to analyze the composition
of individual particles over the INDOEX area these authors
found that at northern latitudes (Arabian Sea) as much as
80% of particles with aerodynamic diameter between 0.2
and 0.3 mm (the lowest size range they investigated) were
carbonaceous, but that this proportion dropped to 20% in
the 0.9/1.0 mm range and to 10% between 1.0 and 1.1 mm.
[25] The contribution of inorganic species to the aerosol

number size distribution can also be assessed. Deconvolu-
tions of XRF analysis performed on aerosol samples col-
lected by cascade impactor essentially between March 22
and March 24 reveal the presence of a mineral dust
component of fairly constant geometric mass median diam-
eter (2.9 ± 0.2 mm) and geometric standard deviation (1.6 ±
0.2). Over the measurement period the mass amplitude is
28.3 ± 9.7 mg/m3. By assuming a dust mass density of 2.5
g/cm3, the characteristics of the number dust size distribu-
tion can be computed from the mass ones by using (5), (6),
and (7). This leads, to dn = 1.5 mm, sn = 1.6, and An = 1.5
106 ± 5 105 m�3. Thus, the number proportion of mineral
dust particles amounted to about 10% of the amplitude of

Figure 5. Scanning electron microscope observations (a)
of spherical particles collected at Goa. Their composition
determined by energy-dispersive spectrometry (b) shows
that they are essentially made of carbon with a low-K
content. These particles are characteristic of biomass
burning.
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mode 2 towards the end of the measurement period, that is
to say when MD was at its highest. Since mineral aerosols
are usually considered as non-hydrophilic, sn and dn will be
assumed to be independent of rh.
[26] The same method can be applied to the determination

of the sea salt component, but one has to be aware that this
time the mass and number characteristics of the mode
retrieved by this method correspond to ‘wet’ conditions.
Indeed, the ambient aerosol was not dried before entering
the cascade impactor. By using a mean rh value measured
on the sampling site, and an hygroscopic growth model
[Hänel, 1976], it is possible to retrieve the dry sea salt
characteristics. The uncertainties attached to this retrieval
are mainly linked to the choice of a constant rh value that is
not necessarily representative of the rh variations over the
whole duration of the several hours long sampling. The
number gmd and gsd of the dry sea salt population are
found to be: dn = 0.45 ± 0.10 mm and sn = 1.9 ± 0.2. These
values are consistent with those indicated by Hess et al.
[1998] for the dry sea salt accumulation mode (dn = 0.4 mm;
sn = 2.0). With an assumed mass density of 2.1 g/cm3

[Blanchard and Woodcock, 1980] for sea salt, the number
amplitudes of the sea salt accumulation mode can be
computed for each impactor. The order of magnitude of
their value is about one tenth of the amplitude of mode 2,
but these results that integrate the time-variability over the
sampling duration cannot be compared simply to the punc-
tual determination of the amplitude of mode 2.
[27] Filter analysis by IC for particles collected at ambient

humidity (rh ca 85%) by the EGA cascade impactor show
the average size range of chloride, nitrate, and sulfate ions
on the 5 stages and backup filter of the impactor (Figure 8).
Chloride can be linked directly to sea salt, and nitrate
mainly results from reactions of nitric acid with sodium
chloride or aerosol crustal material [Seinfeld and Pandis,
1998]. Both of them are found in a coarse supermicron
mode (CM) even though 14% of the nitrate mass is found
on stage 3, that is to say in a smaller mode than the rest. As
for sulfate, it is the only inorganic soluble species with a
significant mass fraction in the submicron range. In order to

achieve more precision in the fine size classes NSS has been
determined by XRF for each stage of the DLPI. Deconvo-
lution of these mass measurements show that, at ambient
humidity, two NSS modes can be detected: a submicron
mode (NSS1, with gmd = 0.43 mm, and gsd = 1.86)
accounting for 60 % of the total sulfate mass, and a
relatively coarse mode (NSS2, with gmd = 2.56 mm, and
gsd = 1.70) accounting for the rest. Conversion of these
mass parameters into number ones by the means of (5) and
(6) yields respective gsd = 0.14 and 1.10 mm for the two
modes in humid conditions. These values, along with the
ones for dry conditions obtained by using Hänel’s [1976]
model, are summarized in Table 4. The finest NSS contain-
ing particles, sulfates probably produced by gas phase
conversion, are located in the same size range as CC1
particles, that is to say in mode 1 of the overall size
distribution. By using NSS mass concentrations, taking into
account that about 60% of NSS is in mode 1, the dry gmds

Figure 6. Transmission electron microscope observation of aggregated carbonaceous particles. These
particles are made of a soot core imbedded in a non-absorbing coating.

Figure 7. Correlation between the (number) amplitude of
the finest aerosol mode and BC concentrations derived from
aethalometer measurements. With r2 = 0.85 and 13
measurements, this correlation is significant at the 99.9%
confidence level.
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computed above, and the sulfate mass density (1.8 g/cm3), it
is possible to determine the number concentration of sulfate
particles in the fine sulfate mode by:

N1;NSS ¼ 0:6CNSS= p=6:rNSS: gmdð Þ3
� �

; ð10Þ

and to compare it to the number amplitude of mode 1 when
available. It is found that on average N1,NSS = 0.24A1,
which approximately amounts to the 30 (non carbonaceous)
percents that were still missing in mode 1. The same
procedure applied to NSS2 shows that N2,NSS = 0.46A2,
which does not explain all the 70% missing particles in
mode 2, but shows that a significant fraction (at least 56%)
of this mode is made of water-soluble particles (10% SS,
and 46% sulfates). The missing component in mode 2 will
be assumed to be made mostly of a nitrate (WS) population
having the same distribution parameters as mode 2. Table 5
presents a summary of the number composition of modes 1
and 2.

4. Discussion

4.1. Origin of the Aerosol Carbonaceous
Components at Goa

[28] Results detailed above show that in spite of their low
contribution to the atmospheric mass load, soot particles
constitute the major part of mode 1, and thus dominate the
number size distribution of the aerosol in the submicron
range. Particles in this size range are known to be the most

optically active, at least in the visible spectrum. This
explains why, regarding aerosol optical properties, carbona-
ceous aerosols have been shown to play a disproportionate
part relatively to their mass contribution [Satheesh et al.,
1999; Ramanathan et al., 2001]. The importance of this part
is conditioned by their chemical and physical characteristics
(apportionment between absorbing BC and scattering POM,
state of mixing, size distribution, . . .). These characteristics
themselves depend on the particle origin (fossil fuel or
biomass burning). Thus, it is important to assess the relative
contributions of these two types of combustion to emissions.
This is made possible by using the fact that K is a tracer of
biomass burning. Indeed, fossil fuel combustion BC does not
contain K. Moreover, the ratio of the biomass burning
fraction of K (KBB) to the corresponding BC (BCBB) is
fairly constant close to the sources, though it might later
decrease during the aging process [Cachier et al., 1991]. A
typical value for this ratio at the source is 0.52 ± 0.11
[Cachier et al., 1991; Ferek et al., 1998]. This yields

BCBB ¼ 1:92KBB; ð11Þ

in which KBB can be determined from XRF analysis of the
nuclepore samples by subtracting the sea-salt and mineral
dust contributions to the overall atmospheric load in K. These
contributions being respectively 1% and 1.36% of the SS and
MD contents [Seinfeld and Pandis, 1998] one finally obtains:

BCBB ¼ 1:92K 1� 0:01SS� 0:0136MDð Þ ð12Þ

Figure 8. Average proportions determined by ion chromatography of chloride (white bars), nitrate
(striped bars), and sulfate (black bars) ions collected on each stage of the cascade impactor. The 50% cut-
off size of each stage is indicated in mm beside its number.

Table 4. Mass and Number Characteristics of the Two Particle

Populations Into Which NSS Particles Can be Founda

NSS1 NSS2

Mass % 60 40
rh, % 0/85 0/85
Mass gmd 0.25/0.43 1.50/2.56
Number gmd 0.08/0.14 0.64/1.10
s 1.86 1.70

aThe characteristics of NSS1 and NSS2 have been determined for
ambient humidity (rh = 85%) by deconvolution of XRF analysis of low-
pressure impactor stages. Values for dry conditions have been computed
from Hänel’s [1976] hygroscopic model.

Table 5. Summary of the Geometric Number Mean Diameters

and Geometric Standard Deviations of the Various Components of

the Goa Aerosola

rh, %

Mode 1 Mode 2

CC1 NSS1 NSS2 BC2 SS MD WS

gmd, mm 0 0.08 0.08 0.64 0.40 0.45 1.50 0.40
Percent 85 0.08 0.14 1.10 0.40 0.77 1.50 0.69
gsd - 1.8 1.86 1.7 1.7 1.9 1.6 1.7
Percent - 70 24 46 10 10 10 24

aHere, gsd, geometric standard deviations. Geometric mean diameter
(gmd) values are given for dry and wet (rh = 85%) conditions. The
contributions (%) of each of these components to the amplitude of modes 1
and 2 are also reported (see text for details).
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The BCBB/BC ratio indicates the proportion of BC that can
be attributed to biomass burning. It has to be noted that
because the KBB/BCBB value adopted to derive (12) is the
one valid close the source, using this equation and BC
measurements provides a lower limit for BCBB/BC. This
ratio is found to vary greatly during the measurement period
(Figure 9). Between March 11 and 14, around March 19, and
March 22, BCBB/BC is at its lowest and biomass burning
then explains about 30% of the BC atmospheric loading.
This is in good agreement with the proportion (21 ± 8%)
obtained on March 10 or before by Novakov et al. [2000] in
the same INDOEX area. Nonetheless, after March 10 three
successive outbursts of biomass burning are observed
(Figure 9). During the third one (around March 23), as
much as 70% of the BC can be explained by this type of
combustion. This is in good qualitative agreement with
satellite observations reported by Leon et al. [2001] showing
that the number of fires increased sharply in March over
India. Indeed, it is a common agricultural practice in India to
set cultivated land on fire before the first rains, and the
frequency of fire events increases with time as one gets
closer to the onset of the rainy season. The possible impact of
this variability in carbonaceous particle sources on the
aerosol optical properties is examined by S. C. Alfaro et al.
(manuscript in preparation, 2003).

4.2. Interpretation of the Variability of TPM
and PM1 Concentrations at Goa

[29] As already mentioned above a decrease in TPM and
PM1 concentrations was observed at Goa during the first 12
days of March. This decrease can be explained by a change
in meteorological conditions between February and March
[Leon et al., 2001]. In February the air masses arriving at
Goa had a northeastern or eastern origin and had traveled a
long way over the land and active pollution sources,
whereas in early March the wind direction shifted to a
northern position. In the latter case the air masses that
followed the coast before reaching our measurement site
had a smaller aerosol load. By early March, the biomass
burning season had not yet started and, independent of the
wind direction, the carbonaceous components mostly
resulted from fossil fuel combustion as shown by Novakov

et al.’s [2000] results and our own. After March 12,
sporadic variations in PM1 can be attributed essentially to
biomass burning outbursts. During this period, the PM1/
TPM ratio remains approximately constant except between
March 22 and 24 when a long range input of mineral dust
originating from Pakistani deserts selectively increased the
aerosol coarse fraction.

4.3. Comparison With Other INDOEX Results

4.3.1. Mass Concentrations
[30] Monthly and weekly averages of aerosol PM1 mass

concentration and composition for KCO [Chowdhury et al.,
2001; Lelieveld et al., 2001] are the only ones available in
the literature for comparison with our results. Unfortunately,
these measurements limited to the ‘fine aerosol component’
were performed in February 1999. Thus, they do not over-
lap with ours that were mostly performed in March and
were not restricted to the fine particle range, except in the
case of BC for which aethalometer measurements are
available from February 16 at Goa. At this site, the average
BC concentration for the second half of February is 4,02 ±
0.46 mg/m3, a value substantially larger than the one (2.38
mg/m3) measured at KCO, but still of the same order of
magnitude. This similarity in concentrations between Goa
and KCO is also observed for sulfate (3.6 ± 1.6 at Goa by
the end of March, and 6.3 at KCO in February). Moreover,
the BC/PM1 mass fraction measured at KCO (6–11%) by
Chowdhury et al. [2001] is the same as at Goa (10%). This
confirms that in spite of a spatial concentration gradient
already observed downwind of the Indian subcontinent
[e.g., Jayaraman et al., 1998; Satheesh et al., 1998], the
winter monsoon is very efficient at transporting the pollu-
tion haze over long distances, and that during this transport
intensive aerosol characteristics such as the BC/PM1 ratio
remain practically unchanged.
4.3.2. Size Distribution
[31] Results above show that aerosol number size distri-

butions at Goa can be modeled by using three lognormally
distributed populations. The amplitude of the finest mode
being strongly correlated to BC, concentrations of this
component can be used to estimate A1 from (9). Thus, a
BC average of 2.18 ± 1.01 mg/m3 for March 1999 yields a
value of A1 between 4.80 109 and 1.30 1010 m�3. Except
during long-range transport of dust when A1/A2 is only
500, the amplitude of mode 2 is about 1300 times smaller
than A1. For lack of sufficient precision A3 is considered as
constant (=4.0 105/m3), even though adoption of this value
determined from measurements essentially performed dur-
ing the dust peak probably leads to an overestimation of the
coarse mode in usual conditions. The lower and upper limits
of the number size distribution determined for March 1999
at Goa are plotted in Figure 10. Except for sizes larger than
3.5 mm for which the predicted overestimation is clearly
observed, the previous limits encompass measurements
performed over the Arabian Sea during the pre-INDOEX
campaigns [Jayaraman et al., 1998; Satheesh et al., 1998].
Nonetheless, with the BC values observed at Goa in March,
the high amplitude of mode 1 found by Jayaraman et al. for
‘coastal India’ cannot be explained. It would take BC
concentrations as large as 12 mg/m3 to retrieve these values.
This concentration, three times larger than the maximum
reached at Goa by the end of February, can possibly be

Figure 9. Variation with time of the fraction of black
carbon (BC) produced by biomass burning (BCBB/BC).
The rest results from fossil fuel combustion.
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obtained in the vicinity of large cities such as Mumbaı̈, but
there is a lack of published data to support this assumption.
[32] It can also be noted that the lower limit of Goa values

for March compares well to KCO measurements. This
indicates that the local variability of number size distribu-
tions at the coastal site can be of the same order of
magnitude as the concentration reduction resulting from
transport of the pollution cloud between the continent and
the Maldives. In other words, it is not straightforward when
comparing concentrations at a particular site and upwind of
it, to assess the relative parts played by transport and
concentration variability at the source in the observed
concentration gradient.

5. Summary and Conclusion

[33] During March 1999 TPM concentrations at ground
level varied between 27 and 120 mg/m3 at the coastal site
of Goa. This important mass variability mostly results from
changes in meteorological conditions. Indeed, input to the
measurement site of coarse mineral particles from faraway
sources became possible during the second half of the
month. A lower variability was observed for PM1 concen-
trations. In this size range, carbonaceous components
largely dominate the number size distribution. From a
situation where they mostly originate from fossil fuel
combustion at the beginning of the month, the contribution
of biomass burning is found to increase, though not
regularly, in keeping with the number of fires observed
from satellites on the Indian sub-continent. This has con-
sequences on the PM1 composition. In particular, the
relative importance of organic components is found to
vary during the observation period. Because POM is
mainly found under the form of soot core coatings, and
because it is much less absorbing and considered as more
hydrophilic than BC, this could significantly affect the
aerosol optical properties. The correlation between relative
humidity, composition and scattering properties is the
object of a future study (S. C. Alfaro et al., manuscript
in preparation, 2003).

[34] Comparison of our results for March 1999 with
measurements performed at different times and locations
over the northern Indian Ocean shows that differences
observed between sites are generally not larger than the
variability of aerosol characteristics (size distribution, com-
position) at Goa. This emphasizes the ability of the winter
monsoon to homogenize aerosol properties. It also indicates
that aerosol models deduced from observations made at a
single site can probably be considered as representative of
large INDOEX areas provided they integrate the time
variability of the aerosol characteristics at the measurement
site.
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