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15 evolutions of acetonitrile, a long-lived specific tracer for biomass/biofuel burning,
16 number concentration of submicrometer carbon-containing particles with potassium
17 (indicative of combustion sources), and mass concentration of submicrometer non-sea-
18 salt (nss) potassium are compared. High correlation coefficients (0.84 < r2 < 0.92) are
19 determined for these comparisons indicating that most likely the majority of the species
20 evolve from the same, related, or proximate sources. Aerosol and trace gas
21 measurements provide evidence that emissions from fossil fuel and biomass/biofuel
22 burning are subject to long-range transport, thereby contributing to anthropogenic
23 pollution even in areas downwind of South Asia. Specifically, high concentrations of
24 submicrometer nss potassium, carbon-containing particles with potassium, and
25 acetonitrile are observed in air masses advected from the Indian subcontinent,
26 indicating a strong impact of biomass/biofuel burning in India during the sampling
27 periods (74 (±9)% biomass/biofuel contribution to submicrometer carbonaceous
28 aerosol). In contrast, lower values for these same species were measured in air masses
29 from the Arabian Peninsula, where dominance of fossil fuel combustion is suggested by
30 results from single-particle analysis and supported by results from gas-phase
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42 1. Introduction

43 [2] Anthropogenic activities influence the chemical
44 composition of the atmospheric aerosol, therefore affect-
45 ing climate, visibility, and human health. Knowledge of
46 the chemical composition and size distribution of aerosol
47 particles, as well as the chemical characteristics and
48 mixing ratios of different species present in the gas
49 phase, is essential for understanding atmospheric process-
50 ing that affects the composition of aerosols as well as for
51 identification of their sources. During the past few years,
52 increases in the concentration of atmospheric aerosols
53 due to anthropogenic activities have been the focus of
54 many studies [e.g., IPCC, 1996; Schwartz, 1996;
55 Schwartz and Andreae, 1996]. Almost five-fold increases
56 in concentrations of certain species (e.g., nitrates, sul-
57 fates) have been indicated for regions downwind of the
58 Indian Subcontinent in the last twenty years [Ball et al.,
59 2003].
60 [3] Combustion processes such as biomass/biofuel burn-
61 ing and fossil fuel combustion are significant sources of
62 anthropogenic aerosol particles and gases [e.g., Andreae and
63 Crutzen, 1997; Yamasoe et al., 2000; Andreae and Merlet,
64 2001]. Particles emitted from these sources can affect the
65 radiation balance due to their ability to reflect and absorb
66 solar radiation (direct effect) and act as cloud condensation
67 nuclei, therefore affecting cloud properties (indirect effect)
68 [e.g., Twomey, 1997; Coakley and Cess, 1985; Desalmand et
69 al., 1985; Hallet et al., 1989; Crutzen and Andreae, 1990;
70 Andreae, 1991; Cachier and Ducret, 1991; Charlson et
71 al., 1991; Kuhlbusch et al., 1996; Rosenfeld, 2000].
72 Emissions from biomass/biofuel burning and other com-
73 bustion sources which emit black carbon can significantly
74 heat the atmosphere [e.g., Crutzen and Andreae, 1990;
75 Penner et al., 1992, 1993; Haywood and Shine, 1995,
76 1997; Iversen and Tarrason, 1995; Cooke and Wilson,
77 1996; Haywood et al., 1997; Haywood and Boucher,
78 2000; Iversen et al., 1998; Podgorny et al., 2000;
79 Jacobson, 2001; Ramanathan et al., 2001]. Penner et
80 al. [1992] have shown that the direct and indirect effects
81 of smoke aerosols arising from biomass burning could be
82 of comparable significance.
83 [4] Biomass fuels account for approximately 14% of the
84 world’s energy consumption [Hall et al., 1992], with much
85 higher values being reported for developing countries. In
86 India, biomass/biofuel burning (including wood, agricul-
87 tural residues and dung-cakes used as fuel) is considered
88 to be a major source of energy [Ravindranath and Hall,
89 1995] and a considerable source of pollution [Hall et al.,
90 1994; Dickerson et al., 2002]. High overall increases in
91 the consumption of petroleum, biofuels, and coal have
92 been reported for the Indian subcontinent. Up to 45% of
93 global emissions of black carbon have been attributed to
94 biomass/biofuel burning [e.g., Kuhlbusch et al., 1996] with
95 emissions from India [1990] estimated to account for
96 0.45–1 Tg yr�1 [Reddy and Venkataraman, 2000]. Direct
97 observations show that the emissions could be as high as
98 3 Tg yr�1 [Dickerson et al., 2002].
99 [5] The Indian Ocean Experiment, INDOEX, was an
100 integrated field campaign which had as a primary goal
101 evaluating the significance of the direct and indirect
102 effects of continental aerosols [Ramanathan et al.,

1031995, 1996, 2001; Satheesh et al., 1999; Mitra, 1999].
104Characterization of the extent and chemical composition
105of pollution outflow from the Indian subcontinent and
106evaluation of the significance of long-range transport of
107continental aerosols to remote regions in the Indian
108Ocean were of particular interest [Ramanathan et al.,
1091995, 1996; 2001]. Ramanathan et al. [2001] have
110highlighted, from results obtained during the INDOEX
111campaign, the impact of the Indo-Asian haze on global
112climate. The biomass/biofuel and fossil fuel contributions
113to this Indo-Asian haze have been reported to be under
114debate [UNEP, 2002]. The INDOEX intensive field phase
115(INDOEX-IFP) was carried out in February and March
1161999, during the winter monsoon (NE-monsoon), when
117low level flow from the continent transports pollutants
118over the Indian Ocean toward the Intertropical Conver-
119gence Zone (ITCZ), where pristine southern hemisphere
120air masses meet with contrasting polluted continental air
121masses from the northern hemisphere. During the IFP, the
122contribution of anthropogenic aerosols to the total loading
123has been estimated to be as high as 80% over most of
124the sampled south Asian region and Northern Indian
125Ocean [Ramanathan et al., 2001].
126[6] Several measurements were performed during the
127campaign on different platforms (for a detailed descrip-
128tion see Lelieveld et al. [2001] and Ramanathan et al.
129[2001]). Results from aerosol particle and gas-phase
130measurements carried out during leg 2 of the INDOEX
131cruise on board of the NOAA Research Vessel (R/V)
132Ronald H. Brown are presented here. Chemical character-
133ization of sampled aerosol particles included mass con-
134centrations of submicrometer non-sea-salt (nss) potassium
135(K+), nss sulfates, black carbon (BC), organic carbon
136(OC), and number concentration of submicrometer car-
137bon-containing particles with K+. In the gas-phase, the
138volume mixing ratio of acetonitrile (methyl cyanide,
139CH3CN) was measured. During the sampling period,
140the ITCZ was mostly located between the equator and
14112�S [Ramanathan et al., 2001; Ball et al., 2003].
142Detailed information on the R/V Ronald H. Brown cruise
143during INDOEX can be found in Ball et al. [2003]. The
144capability descriptions for this vessel are presented in
145Parsons and Dickerson [1999].
146[7] Acetonitrile is regarded as a relatively long-lived,
147selective tracer for biomass/biofuel burning [Lobert et al.,
1481990; Bange and Williams, 2000], predominantly emitted by
149smoldering biomass fires [Lobert et al., 1990; Holzinger et
150al., 1999]. In the particle phase, black carbon BC in the
151submicrometer size range is used as a good general tracer for
152incomplete combustion from fossil fuel and biomass burning
153[e.g., Cachier et al., 1989], while nss K+ is considered to be a
154good indicator for biomass/biofuel burning in submicrom-
155eter particles [e.g., Andreae, 1983; Cachier et al., 1991;
156Gaudichet et al., 1995; Andreae et al., 1996]. In particular,
157the relative contributions from biomass and fossil fuel
158emissions can be evaluated from the ratio between submi-
159crometer nss K+ and BC [Andreae, 1983]. From single
160particle measurements, submicrometer soot particles con-
161taining K+ have been indicated as possible tracers for
162biomass/biofuel burning [Gaudichet et al., 1995]. Single-
163particle results obtained during INDOEX and combustion
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164 source characterization experiments provide an indication of
165 probable sources of the carbonaceous aerosol.

166 2. Experimental Setup

167 [8] The data presented herein were obtained from 4
168 March 1999 (Day of Year, DOY 63) until 23 March 1999
169 (DOY 82) during leg 2 of the NOAA R/V Ronald H. Brown
170 1999 INDOEX cruise. The cruise started in Male’, the
171 capital of the Republic of the Maldives, proceeding along
172 the west coast of India and turning south on 11 March
173 (DOY 70). The southern-most point during leg 2 (13�S) was
174 reached on 19 March (DOY 78).

175 2.1. Submicrometer Non-Sea-Salt (nss) Potassium
176 and nss Sulfates Mass Concentration

177 [9] Two independent research groups on board the NOAA
178 R/V Ronald H. Brown, namely NOAA, Pacific Marine
179 Environmental Laboratory (PMEL), Seattle, Washington
180 and Department of Meteorology, University of Maryland,
181 College Park (UMD), measured submicrometer nss K+ and
182 nss sulfate mass concentrations. PMEL used two-stagemulti-
183 jet cascade impactors [Berner et al., 1979] sampling air at
184 55% RH to determine the submicrometer (D50,aero < 1.1 mm)
185 concentration of sulfates and K+. The impaction stage at the
186 inlet of the impactor was coated with silicone grease to
187 prevent the bounce of larger particles onto the downstream
188 stages. A Millipore Fluoropore filter (1.0 mm pore size) was
189 used for the submicrometer collection substrate. Filters were
190 wetted with 1 mL of spectral grade methanol. An additional
191 5 mL aliquot of distilled deionized water was added to the
192 solution and the substrates were extracted by sonicating for
193 30 min. The extracts were analyzed by ion chromatography
194 [Quinn et al., 1998]. Blank levels were determined by
195 loading an impactor with substrates but not drawing any air
196 through them. In the case of UMD, two high volume Sierra
197 impactors, one cascade and one bulk, were used to collect
198 aerosol samples [Howell et al., 1998]. The cascade impactor
199 consisted of five stages that segregated the total particular
200 material into six size fractions. Slotted Whatman 41 filters
201 were used as the impaction surfaces. The mean aerodynamic
202 diameter for the stages reported here were 0.74, 0.48, and
203 0.24 mm [Pszenny, 1992]. A backup filter collected particles
204 under 0.24 mm. The bulk impactor consisted of a 20 cm by
205 25 cm Whatman filter. After sampling, filters were placed
206 into individual polyethylene bags and refrigerated. On alter-
207 nate days, samples were analyzed on the ship as described by
208 Quinn et al. [1998]. The remaining samples were analyzed
209 upon return to the United States using the same method.
210 Results presented here for UMD correspond to particles
211 with mean aerodynamic diameters smaller than 0.74 mm.
212 In both cases, nss K+ concentrations were calculated
213 from Na+ concentrations and the ratio of K+ to sodium in
214 seawater. Similarly, nss sulfate concentrations were eval-
215 uated from the measured sulfate concentrations and the
216 corresponding sulfate-to-sodium ratio in seawater.

217 2.2. Black Carbon/Organic Carbon (BC/OC)
218 Mass Concentration

219 [10] Submicrometer particles in the range 0.18 < Dp < 1.1
220 mm were collected using a three-stage multijet cascade
221 impactor [Berner et al., 1979] as described in Neusüß et

222al. [2002a]. For the determination of BC/OC, a thermo-
223graphic method (Ströhlein C-mat 5500 carbon analyzer)
224was operated at a temperature of 590�C to volatilize the OC
225fraction within 8 min under nitrogen. The BC fraction of
226aerosol particle samples was determined by subsequent
227combustion at 650�C in an oxygen atmosphere. For a
228detailed explanation of the method used for the evaluation
229of BC/OC during the INDOEX cruise, as carried out by the
230research group from the Institute for Tropospheric Research,
231Germany, refer to Neusüß et al. [2002a]. It is important to
232mention that, although there are several methods to deter-
233mine separately OC and BC, there is no technique that is
234commonly accepted. Methods currently in use include
235extraction and thermodesorption methods, with the latter
236method having the advantage of being less labor intensive.
237Comparison experiments among the different techniques for
238BC/OC yield sufficient comparability of total carbon (TC)
239values but a wide spread in results of OC and BC determi-
240nations. [Cadle and Mulawa, 1990; Countes, 1990; Shah
241and Rau, 1991; Schmid et al., 2001]. The method used for
242the determination described here typically leads to higher
243BC/OC ratios compared to related techniques (i.e., provides
244a lower limit for OC and an upper limit for BC), but it has
245the advantage of lacking positive artifacts. Quartz fiber filter
246sampling for the evaluation of OC show typically high
247positive sampling artifacts due to the absorption of volatile
248organic species [e.g., Turpin et al., 1994]. Such positive
249artifacts are expected to be low for impactor sampling, since
250foils have a much smaller surface than the fiber filters.
251Better impactor sampling efficiencies, compared to filter
252sampling for semivolatile particles, have been observed by
253Wang and John [1988] and Neusüß et al. [2002b]. This
254might be due to reduced aeration of collected particles on
255the impactor substrates compared to filter substrates, possi-
256bly over compensating losses due to the pressure drop in the
257impactor. However, the low pressure could lead to losses of
258semivolatile organic compounds during sampling, mainly
259for the submicrometer particle fraction. The method has not
260been corrected for any sampling artifacts.

2612.3. Single-Particle Analysis

262[11] Data on individual particle size and chemical com-
263position were obtained by the research group from the
264University of California, San Diego using a transportable
265aerosol time-of-flight mass spectrometer (ATOFMS) as
266described in the literature [e.g., Prather et al., 1994; Noble
267and Prather, 1996; Gard et al., 1997]. In these instruments,
268the transit times for particles travelling between two scatter-
269ing lasers are measured, recorded, and correlated with the
270individual particle aerodynamic diameters after proper
271instrument calibration. Chemical information for each
272detected particle is obtained from positive and negative
273ion time-of-flight mass spectra acquired in the instrument,
274and correlated with the aerodynamic diameter measured for
275each particle. Detected particles are classified into exclusive
276chemical categories from the mass spectral information
277obtained for each individual particle. Particle number con-
278centrations for different particle classes are then evaluated
279by carrying out scaling procedures to account for differ-
280ences in particle transmission into the ATOFMS [e.g.,
281Hughes et al., 1999; Allen et al., 2000]. In this particular
282case, ATOFMS data were scaled by comparison with

GUAZZOTTI ET AL.: CARBONACEOUS AEROSOLS OUTFLOW FROM INDIA AND ARABIA ACL X - 3



283 number concentration data obtained with other shipboard
284 particle sizing instrumentation (i.e., Optical Particle Counter
285 (OPC), and a Scanning Mobility Particle Sizer (SMPS))
286 [Wenzel et al., 2003]. A more detailed explanation on the
287 instrumental set-up used during the campaign as well as of
288 the types of particles observed during INDOEX is presented
289 by Guazzotti et al. [2001]. All the single particle results
290 presented herein correspond to particles with aerodynamic
291 diameters between 0.3 and 1.0 mm.

292 2.4. Fast-Response Acetonitrile Measurements
293 by PTR-MS

294 [12] Fast-response measurements of acetonitrile were
295 performed using Proton-Transfer-Reaction Mass Spectrom-
296 etry (PTR-MS) by the research group from Institut für
297 Ionenphysik, University of Innsbruck, Austria [Hansel et
298 al., 1995; Lindinger et al., 1998]. PTR-MS is a chemical
299 ionization mass spectrometry technique based on proton
300 transfer reactions with H3O

+ ions for on-line measurements
301 of organic trace gases in air. PTR-MS measurements during
302 INDOEX-IFP have been described in detail by Sprung et al.
303 [2001] and Wisthaler et al. [2002], thus only the essential
304 points are outlined here. Ambient air was continuously
305 sampled through a Teflon

1

PFA tube (length: 50 m; OD:
306 6.4 mm) from the top of the Ronald H. Brown bow tower
307 (28m above sea surface) and led into the PTR-MS instru-
308 ment. Chemical ionization of acetonitrile (producing the
309 CH3CNH

+ ion at mass-to-charge ratio (m/z) 42) was
310 achieved using proton-transfer-reactions with primary
311 H3O

+ ions in a flow drift tube. Primary and product ions
312 were mass analyzed in a quadrupole mass spectrometer and
313 detected by a secondary electron multiplier/pulse counting
314 system. The sensitivity for acetonitrile was calculated fol-
315 lowing the procedure outlined in detail by Sprung et al.
316 [2001]. The instrumental background was determined by
317 passing the ambient air through a heated platinum catalyst
318 (350�C) scrubber. Accuracy for the acetonitrile measure-
319 ments of ±30% was inferred from intercomparison measure-
320 ments described by Sprung et al. [2001].

321 2.5. Aerosol Absorption Coefficient

322 [13] The absorption coefficients for submicrometer aero-
323 sol particles were measured at 55% RH by monitoring
324 the change in transmission through a filter with a Particle
325 Soot Absorption Photometer (PSAP, Radiance Research).
326 Measured values were corrected for a scattering artifact, the
327 deposit spot size, the PSAP flow rate, and the manufacturer’s
328 calibration as per Bond et al. [1999]. Values are reported at
329 0�C, 1013 mbar, and 550 nm. Sources of uncertainty in the
330 PSAP measurement include noise, drift, correction for the
331 manufacturer’s calibration, and correction for the scattering
332 artifact [Anderson et al., 1999]. A quadrature sum of these
333 errors yields absolute uncertainties of 0.38 and 2.8 Mm�1

334 for absorption coefficients equal to 0.68 and 13 M m�1,
335 respectively. These measurements were carried out by
336 PMEL.

337 3. Results and Discussion

338 3.1. Carbon-Containing Particles With Potassium

339 [14] During INDOEX, the majority of detected particles
340 with aerodynamic diameters between 0.3 and 1.0 mm were

341classified as carbon-containing particles by ATOFMS single
342particle analysis [Guazzotti et al., 2001]. Between 20 and
34373% of the submicrometer carbon-containing particles
344detected with the ATOFMS contained K+ as well, depend-
345ing on the location considered [Guazzotti et al., 2001]. The
346presence of K+ in submicrometer carbon-containing par-
347ticles has been described to be an indicator of biomass/
348biofuel combustion [e.g., Andreae, 1983; Gaudichet et al.,
3491995; Andreae et al., 1996; Andreae and Crutzen, 1997;
350Silva et al., 1999; Yamasoe et al., 2000] and/or coal
351combustion (D. T. Suess et al., manuscript in preparation).
352Potassium is not detected in emissions from light duty
353gasoline powered vehicles currently in use in the U.S.
354(mostly four-stroke engines) [Silva and Prather, 1997].
355Also, submicrometer soot particles emitted from diesel
356engine exhaust have been reported to contain no detectable
357amounts of potassium [Gaudichet et al., 1995]. However,
358no ATOFMS data are available for the vehicle fleet cur-
359rently in use on the Indian Subcontinent (mostly two-stroke
360engines [UNEP, 1999] for which emission data are also
361lacking [Dickerson et al., 2002]).
362[15] ATOFMS positive and negative ion mass spectra
363representative of a typical carbon-containing particle with
364K+ are presented in Figure 1. In the positive ion mass
365spectrum (Figure 1a), C+, (CH3)

+, (C2)
+, (C2H3)

+, (C3)
+,

366(C3H)
+ ions are observed, together with other ion peaks

367associated with hydrocarbon envelopes (CnHm)
+. Peaks at

368mass-to-charge ratios (m/z) 39 (39K+) and 41 (41K+) indicate
369the presence of K+. The peak at m/z 18 is assigned to NH4

+.
370Peaks at m/z 213 and 215 are assigned to potassium sulfate
371ions 213(39K3SO4)

+ and 215(41K3SO4)
+, respectively. The

372peak at m/z 97 is assigned to HSO4
� (Figure 1b). The

373presence of sulfate on carbonaceous particles can result
374from direct emission by combustion sources, coagulation,
375cloud processing, and/or condensation and oxidation of
376sulfur dioxide on particles. Sulfate was usually observed
377in the carbonaceous particles detected during INDOEX
378(average sulfate associations for particles with aerodynamic
379diameters between 0.3 and 1.0 mm were determined to be
38075% for carbon-containing particles with K+) [Guazzotti et
381al., 2001]. In the negative ion mass spectra of these
382particles, carbon ion clusters, such as C�, (C2)

�, (C3)
�,

383and (C4)
�, were periodically observed.

Figure 1. (a) Positive and (b) negative ion mass spectra of
a carbon-containing particle with potassium acquired during
INDOEX. Peak identifications correspond to the most
probable assignments for each particular m/z ratio.
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384 [16] Particles are classified as carbon-containing with K+

385 by carrying out exclusive searches in a Matlab
1

based
386 database where threshold values (ion area, relative ion area,
387 mass-to-charge ratios, etc.) for specific ions are specified. In
388 this study, a relative area of greater than 10% for the peak at
389 m/z 39 (39K+) is used for identification. The presence of a
390 combination of at least two peaks at mass-to-charge ratios
391 12 (C)+, 36 (C3)

+, 48 (C4)
+, 60 (C5)

+, and 72 (C6)
+ with

392 areas higher than 40 (arbitrary units) is required for these
393 particles to be classified as carbon-containing with K+.
394 Particles cannot be classified into more than one class (such
395 as sea salt, dust, carbon-containing with no K+, etc.),
396 therefore making the chemical classes exclusive. Once the
397 particles are classified, their temporal evolution is evaluated
398 and compared with results obtained with other techniques.
399 In this classification scheme, no requirements are imposed
400 in terms of ions that indicate the presence of sulfate and/or
401 chloride, although one or both ions were observed in almost
402 all of the mass spectra of the carbon-containing particles
403 with K+. It has been previously shown that the presence of
404 chloride and/or sulfate in combustion related particles
405 depends on the temperature of formation of the particles
406 as well as their aging process [e.g., Gaudichet et al., 1995;
407 Ruellan et al., 1999; Liu et al., 2000]. For example, in the
408 case of particles produced from biomass burning, Gaudichet
409 et al. [1995] have indicated that near the emission sources
410 more chlorine occurs in the observed soot particles than
411 those collected farther downwind from the sources, indicat-
412 ing the evolution from KCl to K2SO4.
413 [17] Figure 2 shows the spatial distribution of carbon-
414 containing particles with K+ along the cruise track for leg 2
415 of the INDOEX cruise. The cruise track was divided into 6
416 regions based on the geographical origin of the sampled air
417 masses. These regions follow the classification of Ball et al.
418 [2003] and are based on back trajectory analysis [Quinn et
419 al., 2002]. The back trajectories were calculated using the

420Hybrid Single-Particle Langrangian Integrated Trajectory
421model (HY-SPLIT 4) [Draxler, 1991; Draxler and Hess,
4221998]. The six regimes encountered during leg 2 of the
423cruise, as indicated in Figure 2, are (A) Northern Hemi-
424sphere Continental Tropical (NHcT) (Indian Subcontinent
425air mass), (B) Northern Hemisphere Continental Extratrop-
426ical (NHcX) (Arabian Peninsula air mass), (C) Mixed
427Northern Hemisphere Continental (mixed NHc) (Arabian/
428Indian Subcontinent air mass), (D) Northern Hemisphere
429Maritime Equatorial (NHmE) (Northern Indian Ocean air
430mass), (E) Southern Hemisphere Maritime Equatorial
431(SHmE) (Southern Indian Ocean air mass), and (F) North-
432ern Hemisphere Maritime Equatorial (Northern Indian
433Ocean air mass). Detailed explanations on the regimes
434described above are presented by Ball et al. [2003] and
435Mühle et al. [2002]. An overview of the regional meteoro-
436logical circumstances during INDOEX-IFP is given by
437Verver et al. [2001].
438[18] The number concentration of carbon-containing par-
439ticles with K+ was highest for the time period DOY 65.07–
44067.54, which corresponds to Region A (moving from 6.1�N
44171.3�E to 13.8�N 68.6�E). Region A was the most polluted
442based on the overall particle loading, aerosol optical depth,
443and trace gases mixing ratios [de Laat et al., 2001; Guazzotti
444et al., 2001; Ball et al., 2003; Mühle et al., 2002, Neusüß et
445al., 2002a; Quinn et al., 2002; Wisthaler et al., 2002]. In the
446northernmost region, Region B (DOY 68.08–69.85, mov-
447ing from 15.1�N 69.4�E to 19.0�N 67.1�E), a decrease in
448the number concentration of carbon-containing particles
449with K+ was observed. During this period, the winds were
450mostly from the north. Back trajectories show general
451subsidence starting at 200–400 mbar above the Arabian
452Peninsula six days upwind subsiding to 950 mbar just one
453or two days before reaching the R/V Ronald H. Brown
454[Quinn et al., 2002]. In this region, an increase in the
455number concentration of dust particles [Guazzotti et al.,
4562001] and in the mass concentration of nss Ca2+ and ash
457(noncombustible mineral dust) [Ball et al., 2003] was
458observed, indicating that the overall aerosol chemical com-
459position had an influence from dust particles being trans-
460ported from the Middle East (K. R. Coffee et al., manuscript
461in preparation). In the southernmost locations, a decrease in
462the number concentration of carbon-containing particles
463with K+ was observed (Region E, DOY 78.59–79.50).
464During that time period, the sampled air had no continental
465influence for 6 to 7 days, with the ITCZ located at
466approximately 12�S [Ball et al., 2003].

4673.2. Comparison of Single Particle Results to
468Other Particle- and Gas-Phase Data sets

469[19] In Figure 3, the observed temporal evolution of the
470number concentration of carbon-containing particles with K+

471is compared with the corresponding evolution of the mass
472concentration of submicrometer nss K+ measured by two
473different research groups (PMEL and UMD) and the gas-
474phase acetonitrile mixing ratio. The same general trends are
475observed for both the particle- and gas-phase. The highest
476number concentration of carbon-containing particles with
477K+, mass concentration of submicrometer nss K+, and
478acetonitrile mixing ratio occurred during the time period
479DOY 65.07–67.54, Region A (average values 62 (±16)
480cm�3, 0.35 (±0.14) mg m�3, and 276 (±9) pptv respectively).

Figure 2. Spatial distribution of carbon-containing parti-
cles with potassium (aerodynamic diameter between 0.3 and
1.0 mm) along the cruise track of leg 2 of the NOAA R/V
Ronald H. Brown. Regions A–F along the cruise track,
impacted by different air mass source regions, are indicated
together with typical 7-day back trajectories (ending at
950 hPa) indicative of the flow regimes described in the text.
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481 The average values for the different regions are summarized
482 in Table 1. In the northernmost locations (Region B, DOY
483 68.08–69.85), a decrease is evident in all values (average
484 values 7 (±2) cm�3, 0.017 (±0.012) mg/m3, and 178 (±18)
485 pptv) (see Table 1). As indicated, during this time the winds
486 were mostly from the North, with air masses having an
487 influence from the Arabian Peninsula. In the southernmost
488 locations, when the sampled air mass had no continental
489 influence for at least 6 to 7 days, decreases in the number
490 concentrations of all species were observed. Average con-
491 centrations decreased to their minimum observed values for
492 the time period DOY 78.59–79.50 (see Table 1). Average
493 number concentrations for particles with optical diameters
494 between 0.3 and 1.0 mm, as determined by an Optical Particle
495 Counter (OPC) (Particle Measuring Systems, Inc.) aboard
496 the R/V Ronald H. Brown, are also presented in Table 1 for
497 comparison purposes. As shown in the Table, the same
498 general trends discussed above apply to the overall number
499 concentration of submicrometer particles. When compared
500 to the values determined with the OPC, carbon-containing
501 particles with K+ represented 63 and 58% of the submi-
502 crometer particles in Regions A and B, respectively. Aerosol
503 number size distributions measured during the research
504 cruise using a differential mobility particle sizer (DMPS)
505 and an aerodynamic particle sizer (APS) are presented in
506 Bates et al. [2002].
507 [20] Results from comparisons between submicrometer
508 nss K+ mass concentration measured by two different
509 research groups (PMEL and UMD) show a high correlation
510 factor between results (r2 = 0.91), indicating that no partic-
511 ular contamination or interference was experienced. The
512 mass concentration values reported by UMD are consis-
513 tently lower than those from PMEL due to the different size-
514 cuts used for the corresponding evaluations (0.74 mm and
515 1.0 mm respectively, see section 2.1). Mass concentration

516values of submicrometer nss K+ are highly correlated with
517the number concentration of carbon-containing particles
518with K+ detected with ATOFMS (r2 = 0.92). The high
519correlation indicates that most of the submicrometer nss
520K+ was associated with carbonaceous material. A high
521correlation factor (r2 = 0.84) is found between the number
522concentrations of carbon-containing particles with K+ and
523gas-phase acetonitrile mixing ratios. Such good agreement
524is unexpected since deposition effects that govern the
525particle-phase would usually prevent the observation of a
526high correlation between gas- and particle-phase measure-
527ments of associated or related species. In particular, removal
528of particles from the lower troposphere due to precipitation
529has to be taken into consideration when comparing these
530results. Most of the data presented here were collected
531during time periods when no precipitation events occurred
532at the sampling site. Rain was encountered only near the
533ITCZ, where overall concentrations were low, and only a
534limited number of rain events were experienced during the
535air mass transport from the source. Lack of rain is typically
536experienced during the winter monsoon season [e.g., Rasch
537et al., 2001]. The high correlation obtained for the number
538concentrations of submicrometer carbon-containing par-
539ticles with K+ and the mixing ratios of acetonitrile most
540likely indicates that both arise from the same, related, or
541proximate sources. The correlation between the number
542concentration of carbon-containing particles with K+ and
543the measured submicrometer absorption coefficient is eval-
544uated as well. The strong correlation (r2 = 0.92) indicates
545that submicrometer carbon-containing particles with K+ are
546most likely the major contributors to the observed absorp-
547tion. Neusüß et al. [2002a] arrived at similar conclusions
548from absorption and BC mass concentration measurements.
549Satheesh et al. [1999] suggested that BC from combustion
550sources is responsible for the strong absorption observed in

Figure 3. Temporal evolutions of submicrometer nss potassium mass concentration (PMEL and UMD),
number concentration of carbon-containing particles with potassium, and acetonitrile mixing ratio
observed during leg 2 of the INDOEX cruise.

ACL X - 6 GUAZZOTTI ET AL.: CARBONACEOUS AEROSOLS OUTFLOW FROM INDIA AND ARABIA



551this area. Absorption due to aerosols in different regions
552sampled during INDOEX is discussed in detail in previous
553publications [e.g., Clarke et. al, 2002; Neusüß et al. 2002a;
554Quinn et al. 2002].

5553.3. Further Classification of Carbon-Containing
556Particles With Potassium

5573.3.1. Carbon-Containing Particles With K+

558and Lithium
559[21] ATOFMS single particle analysis allows for the
560identification of specific chemical species and combinations
561of species present in detected particles. In the case of
562carbon-containing particles with potassium, the presence
563of certain species can be used as an indication of the original
564source of the detected particles. From the characteristic
565mass spectra obtained for carbon-containing particles with
566K+, two major subclasses are identified, and their contribu-
567tions to the aerosol chemical composition are evaluated. The
568main characteristics of the two subclasses are shown in
569Figure 4. For comparison purposes, only positive ion mass
570spectra of the different particle types up to m/z 100 are
571presented in Figure 4 since the presence of specific ion
572clusters in the positive ion mass spectra are used for the sub-
573classification. In most cases, the mass spectra were very
574reproducible (i.e., the major ion peaks were almost identi-
575cal), indicating that the detected particles had originated
576from the same sources, or very similar sources in different
577locations, and/or that these particles had undergone similar
578aging processes. The positive ion mass spectrum presented
579in Figure 4a was obtained for a carbon-containing particle
580with K+ denoted as Type I. The presence of K+ is identified
581by peaks at m/z 39 and 41 (39K+ and 41K+). Also a peak at
582m/z 18, due to NH4

+, appears in the respective positive ion
583mass spectrum. High concentrations of ammonium have
584been indicated for aerosol produced from biomass/biofuelT
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Figure 4. Representative positive ion mass spectra for
carbon-containing particles of (a) Type I, and (b) Type II.
Peak identifications correspond to the most probable
assignments for each particular m/z ratio.
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585 burning [e.g., Andreae and Crutzen, 1997]. Peaks at m/z 12,
586 24, 36, and 48, assigned to C+, (C2)

+, (C3)
+, and (C4)

+,
587 respectively, occur as well. In Figure 4b, a typical positive
588 ion mass spectrum for a carbon-containing particle with K+

589 of Type II is presented. The main difference with respect to
590 particles of Type I is the presence of lithium (Li+) at m/z 7
591 (and a peak due to sodium, Na+ at m/z 23, with much higher
592 relative intensity).
593 [22] The presence of lithium in carbonaceous particles
594 could be an indicator of coal combustion. In combustion
595 characterization experiments, lithium was almost never
596 found in the single particle mass spectra of particles
597 produced from biomass/biofuel burning (<0.3%) but it
598 was commonly found in particles produced by coal com-
599 bustion processes (D. T. Suess et al., manuscript in prepa-
600 ration). The characterization studies described by Suess et
601 al. included several biomass/biofuel and coal sources rele-
602 vant to the INDOEX study, which were analyzed by
603 ATOFMS single particle analysis as well as by impactor
604 bulk chemical analysis, therefore providing consistent data
605 sets for comparison with the results obtained during the
606 field campaign. Some of the biomass/biofuel sources inves-
607 tigated (of Bangladesh origin) included synthetic logs, dried
608 coconut tree leaves, dried rice straw, and dried cow dung.
609 Coal products studied included chunk coal from Bangla-
610 desh, China, India, and USA. It is important to mention that
611 the studied chunk coals were ignited in a brick kiln, there-
612 fore producing combustion characteristics close to those
613 commonly encountered in small-scale industrial processes
614 and/or domestic use in India. As indicated by Reddy and
615 Venkataraman [2001a], domestic coal combustion pro-
616 cesses result in higher particle emissions than industrial
617 ones, due to the lower temperatures used during combus-
618 tion. Lithium can also be found in dust particles; however,
619 the chemical characteristics of the dust particles are quite
620 different from those arising from fossil fuel combustion
621 sources (see, e.g., Guazzotti et al., 2001; K. R. Coffee et al.,
622 manuscript in preparation).
623 [23] Figure 5 shows the relative contribution of carbon-
624 containing particles with K+ and Li+ (Type II) to the total
625 carbon-containing particles. An increase in the contribution
626 of Type II particles was observed for the period DOY

62768.08–69.85 (Region B) along with a decrease in the
628contribution from particles of Type I. As mentioned, during
629this time period, the sampled air mass had an influence from
630the Arabian Peninsula. During this time, not only did the
631overall number concentration of carbon-containing particles
632with K+ decrease, but a change in the chemical composition
633of observed particles occurred as well. Also, low values for
634the mass concentrations of submicrometer nss K+ and gas-
635phase mixing ratios of acetonitrile are observed in this
636region.
6373.3.2. Carbon-Containing Particles Without Potassium
638[24] Not all submicrometer carbonaceous particles
639detected with the ATOFMS contain detectable amounts of
640potassium [Guazzotti et al., 2001]. The detection limit for
641potassium in a single particle by ATOFMS is approximately
6423 � 10�18 g, this value being one of the lowest determined
643for several elements [Silva and Prather, 1997; Gross et al.,
6442000]. The relative contribution of carbon-containing par-
645ticles with no detectable potassium to the total number of
646carbon-containing particles as observed in different regions
647is shown in Figure 6. Average contributions are in the range
648between 19 (±6)% and 48 (±18)%. These carbonaceous
649particles probably derived from the combustion of fossil
650fuels that contain little or no potassium, such as diesel. In
651Region B (Arabian influence), the contribution from carbo-
652naceous particles with no detectable potassium (to the total
653number of carbon-containing particles) is higher than for the
654other regions. As mentioned above, this could be indicative
655of a change in the contribution from fossil fuel combustion
656emissions.

6573.4. Single Particle Source Apportionment Estimates
658for the Contributions From Fossil Fuel Combustion
659and Biomass/Biofuel Burning to the Total
660Carbonaceous Aerosol

661[25] Taking into consideration the results presented here,
662an attempt is made to estimate the relative contributions to
663the carbonaceous aerosol from particles emitted from bio-
664mass/biofuel burning with respect to those emitted from
665fossil fuel combustion. In order to estimate the contribution
666from particles emitted from biomass/biofuel burning, the

Figure 5. Contribution from carbon-containing particles
with potassium and lithium (Type II) to the total number of
carbon-containing particles in different regions sampled
during INDOEX.

Figure 6. Contribution from carbon-containing particles
(with no detectable amount of potassium) to the total
number of carbon-containing particles in different regions
sampled during INDOEX.
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667 proportion of carbon-containing particles with potassium
668 and lithium (coal) is subtracted from the corresponding
669 contribution from total carbon-containing particles with
670 potassium. The relative contribution from particles emitted
671 from fossil fuel sources is defined as the sum of the average
672 contributions from carbon-containing particles with no
673 detectable potassium (vehicular emissions and/or coal) and
674 those from carbon-containing particles with potassium and
675 lithium (coal). In these calculations, it is assumed that (1) all
676 detected carbon-containing particles with potassium and
677 lithium originate from coal combustion; (2) all carbon-
678 containing particles with no detectable amount of potassium
679 originate from vehicular emissions or other fossil fuel
680 combustion sources that do not produce detectable amounts
681 of potassium (e.g., particles emitted from coal combustion
682 sources that do not contain potassium); and (3) all carbon-
683 containing particles with potassium that do not contain
684 lithium originate from biomass/biofuel burning sources.
685 [26] The estimates of relative contributions from particles
686 emitted from biomass/biofuel burning and fossil fuel com-
687 bustion are presented in Figure 7. A substantial change is
688 observed in Region B (Arabian Influence) where the rela-
689 tive contribution of particles emitted from fossil fuel com-
690 bustion is the highest observed during leg 2, with an
691 average value of 63 (±19)%. This is in agreement with
692 previously discussed results (section 3.2), where the dom-
693 inance of fossil fuel has been indicated for that region. For
694 the other regions (A, C–F), the contribution of particles
695 emitted from fossil fuel combustion sources varied between
696 20 and 34%, with an average value of 26 (±9)%. For these
697 regions, the estimated average contribution to the total
698 carbonaceous particles from particles emitted from biomass
699 sources varied between 73 to 79%, with an evaluated
700 average of 74 (±9)%.
701 [27] Reddy and Venkataraman [2001b] have indicated
702 that for the INDOEX period (1998–1999), biomass/biofuel
703 combustion was the major source of carbonaceous aerosols,
704 based on an aerosol emission inventory for India for 1996–

7051997. They have estimated that biomass/biofuel burning
706accounts for 71% of the black carbon emissions and 76% of
707the organic matter emissions. These estimates for biomass/
708biofuel contributions are higher than those previously
709reported for 1990 [Reddy and Venkataraman, 2000]. The
710analysis presented by Dickerson et al. [2002] indicates that
71158–88% of the BC arises from biomass/biofuel burning.
712Our estimates, which correspond to the contributions in
713number of carbonaceous particles as determined during the
714field experiment in 1999, are in good agreement with the
715ones reported by Reddy and Venkataraman [2001b] and
716Dickerson et al. [2002]. From results obtained during three
717INDOEX research flights, Novakov et al. [2000] have
718estimated the contribution (in mass) of fossil fuel combus-
719tion to the carbonaceous aerosol to be approximately 80%
720using measured BC/TC ratios (TC = OC + BC) for their
721estimations. In our case, the contributions from different
722particle classes (with different chemical characteristics) to
723the carbonaceous aerosol chemical composition are consid-
724ered in the evaluation. The difference in results could be due
725to changes in the sampled air masses as well as in the actual
726sampling platform locations and times [Clarke et al., 2002].
727As mentioned, the results presented by Novakov et al.
728[2000] were derived from measurements on the C-130
729aircraft, whereas the results presented here were obtained
730on board the R/V Ronald H. Brown. Variability in air
731masses transport (e.g., long-range transport at high alti-
732tudes) and aerosol vertical structure could explain the
733different estimates. During the INDOEX sampling period,
734multiple particle layers of variable height and extension
735have been determined by a six-wavelength lidar [Müller et
736al., 2001a], showing vertical variability in aerosol properties
737[Müller et al., 2001a, 2001b]. Measurements by a micro-
738pulse lidar system have shown that, during leg 2 of the
739INDOEX cruise, the marine boundary layer (MBL) was
740usually located below 1000 m with an aerosol layer aloft
741[Welton et al., 2002]. Therefore the presence of a distinct
742aerosol layer above the MBL, with different chemical
743characteristics, could be expected. Also, it has been indi-
744cated that during INDOEX, the biomass/biofuel burning
745influence could have been stronger in the marine boundary
746layer than in the free troposphere [Reiner et al., 2001], due
747to differences in the dominant aerosol sources near the
748surface and at higher altitudes [Rasch et al., 2001]. Mete-
749orological conditions experienced during INDOEX-IFP can
750help explain the difference in outflow characteristics
751between the lower troposphere and the layers above the
752marine boundary layer [Verver et al., 2001]. Also, temporal
753variations in the biomass/biofuel and fossil fuel contribu-
754tions to BC have been reported for a surface site in Goa,
755India [Alfaro et al., 2002]. Based on measured nss K+ and
756BC concentration values, and assuming a nss K+/BC ratio of
7570.52 for biomass/biofuel burning, Alfaro et al. [2002]
758estimated an increased biomass/biofuel influence in the
759surface site after 10 March 1999 (e.g., as much as 70% of
760the BC was estimated to arise from biomass/biofuel burning
761around 23 March versusonly 30% for early March 1999).
762[28] The calculated contributions of carbonaceous par-
763ticles from biomass/biofuel burning should be considered as
764upper estimates, in particular for Region B. There is a
765possibility that the contributions from carbon-containing
766particles with K+ that do not contain Li+, arising from local

Figure 7. Single particle estimates of relative contribu-
tions from biomass/biofuel burning and fossil fuel combus-
tion to the carbonaceous aerosol chemical composition in
different regions. The contributions are evaluated as
percentage of total carbon-containing particles with aero-
dynamic diameters between 0.3 and 1.0 mm.
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767 coal sources, are higher than those evaluated from source
768 characterization studies (D. T. Suess, manuscript in prepa-
769 ration). Also, it could be possible that the ATOFMS
770 technique was unable to detect the presence of Li+ in some
771 carbon-containing particles with K+ that contained Li+ in
772 trace amounts below the detection threshold. The presence
773 of specific markers in the mass spectra of individual
774 particles, such as Li+, can be used to refine the estimates,
775 but further characterization studies of single particles pro-
776 duced from combustion processes are necessary for proper
777 assessment. The results presented here for the assignment of
778 possible particle sources from characterization studies rep-
779 resent a first step in the ultimate goal of using single particle
780 signatures for source apportionment. The high correlation
781 found for the number concentration of submicrometer
782 carbon-containing particles with K+ and the mixing ratio
783 of acetonitrile also indicates that the majority of the carbon-
784 containing particles with K+ most likely arise from biomass/
785 biofuel burning. Results from other measurements (e.g.,
786 trace gases, nonmethane hydrocarbons, CO, CO isotopic
787 ratios [Mühle at al., 2002; Wisthaler et al., 2002]) and
788 source analysis (e.g., source analysis for CO [de Laat et al.,
789 2001]) further support the conclusions presented for leg 2 of
790 the INDOEX cruise.

791 3.5. Ratios Between Chemical Species
792 in Different Regions

793 [29] Ratios between different chemical species, for the
794 regions described in the text, are evaluated and presented in
795 this section. Their values are discussed as indications of
796 probable sources (i.e., biomass/biofuel burning and fossil
797 fuel combustion) and compared, when appropriate, with
798 results presented in previous sections.
799 3.5.1. Nss K+/BC Ratio
800 [30] The average submicrometer nss K+/BC ratios are
801 evaluated for the different regimes from results of submi-
802 crometer mass concentration of BC and nss K+, as described
803 in sections 2.1 and 2.2 respectively. For the time period
804 DOY 65.07–67.54 (Region A) the average value is deter-
805 mined to be 0.4, whereas for the time period DOY 68.08–
806 69.85 (Region B), the nss K+/BC ratio has an average value
807 of 0.18. Higher nss K+/BC ratios in the range between 0.5
808 and 0.62 are obtained for the remaining regions (Table 1).
809 The relatively high nss K+/BC ratios indicate that the
810 sampled air masses were probably impacted by biomass/
811 biofuel burning. Reported values for K+/BC ratios obtained
812 from biomass/biofuel burning are usually in the range
813 between 0.2 and 1.1 depending on the type of fire, the
814 sampled region, and the size of the particles considered for
815 the evaluation [e.g., Andreae, 1983; Ferek et al., 1998;
816 Maenhaut et al., 1996; Reid et al., 1998; Yamasoe et al.,
817 2000; Andreae and Merlet, 2001]. In urban areas, the
818 encountered nss K+/BC ratios are low (0.025 to 0.09 in
819 the US) [Stevens et al., 1980; Andreae, 1983]. For urban,
820 industrial, and rural areas in Pakistan, Smith et al. [1996]
821 have reported K+/BC ratios of 0.23 for particles with
822 diameters smaller than 10 mm. It has been previously
823 reported that fossil fuel combustion generates little potas-
824 sium [Andreae, 1983], with K+/BC ratios for fuel oil
825 combustion being as low as 10�5 [Winchester and Nifong,
826 1971]. Diesel and gasoline engines also produce only small
827 amounts of K+ [Andreae, 1983]. The low submicrometer

828nss K+/BC ratio (0.18) found in the Arabian air mass
829(Region B) could be indicative of an increase in the
830contribution from fossil fuel combustion. A decrease in
831the relative NH4

+ concentration has been reported as indi-
832cative of a decrease in the relative contribution of particles
833from biomass/biofuel burning in this region [Ball et al.,
8342003]. The contribution to BC from biomass/biofuel burn-
835ing can be estimated using measured nss K+ and BC values
836and a typical nss K+/BC ratio value of 0.52 (±11) for
837biomass/biofuel burning (at the source) [Cachier et al.,
8381991; Ferek et al., 1998], in a similar manner to that carried
839out by Alfaro et al. [2002] (i.e., contribution to BC form
840biomass/biofuel = 100*((nss K+/0.52)/BC))). Results from
841this evaluation yield biomass/biofuel burning contributions
842to BC of 77% for Region A, 35% for Region B, and 96%
843for Region C. These values, as well as the corresponding
844nss K+/BC ratios, are consistent with the estimates for the
845contributions from biomass/biofuel burning presented in
846section 3.4.
8473.5.2. Acetonitrile/CO Ratio
848[31] As mentioned, acetonitrile is a unique, long-lived
849tracer for biomass/biofuel burning [e.g., Lobert et al., 1990;
850Holzinger et al., 1999; Bange and Williams, 2000]. Indus-
851trial emissions and fossil fuel combustion are only minor
852sources of acetonitrile [e.g., Arijs and Brasseur, 1986;
853Holzinger et al., 2001]. CO is a general marker for incom-
854plete combustion including fossil fuel combustion and
855biomass/biofuel burning. The evaluation of the acetoni-
856trile/CO enhancement ratio (CH3CN/CO) for different
857air masses encountered during leg 2 of the INDOEX cruise
858is presented in detail by Wisthaler et al. [2002]. Since
859both trace gases are relatively long-lived, the observed
860CH3CN/CO enhancement ratio is expected to reflect
861the source characteristic emission ratio. In air masses from
862Western India (part of Regions A and C), a CH3CN/CO
863enhancement ratio of 0.0024 was observed. Laboratory
864studies of controlled biomass fires covering a large variety
865of different types of biofuel [Lobert et al., 1991] yielded a
866mean primary molar emission ratio CH3CN/CO of
8670.0025. The strong correlation between CO and acetonitrile
868(R2 = 0.87) and the similarity of enhancement ratio to the
869primary emission ratio observed by Lobert et al. [1991]
870indicate that biomass/biofuel burning most likely dominated
871CO emissions in these regions, which is in agreement with
872results presented in section 3.4. In the Arabian air mass
873(Region B), acetonitrile mixing ratios decreased to southern
874hemispheric background values (see Figure 3) and were not
875correlated with increasing CO levels [Stehr et al., 2002].
876These findings suggest that fossil fuel combustion was the
877primary source of CO in the Arabian air parcels. From
878results of single particle apportionment, high contributions
879from particles emitted from fossil fuel combustion were
880observed in this region as well (section 3.4).
8813.5.3. BC/OC Ratio
882[32] As shown in Table 1, high BC/OC ratios for
883submicrometer particles, in the range between 1.55 and
8841.61, were found in all regions with exception of Region B
885(0.22). These ratios are higher than normally expected
886solely from biomass/biofuel burning or fossil fuel emis-
887sions. For example, from the PM2.5 emission inventory for
888India [1990] provided by Reddy and Venkataraman [2000],
889a BC/OC ratio of 0.18–0.27 for fossil fuels, and 0.08–0.22
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890 for biomass/biofuel burning can be derived. From the data
891 compiled by Andreae and Merlet [2001] BC/OC ratios of
892 0.07–0.3 can be determined for various types biomass/
893 biofuel burning. It has been suggested that the high BC/OC
894 ratio observed during INDOEX could mostly be due to
895 emissions of black carbon from fossil fuel combustion
896 processes [Novakov et al., 2000]. High BC emissions are
897 expected for emissions from diesel engines [Kleeman et
898 al., 2000] and certain coal combustion processes (D. T.
899 Suess et al., manuscript in preparation). Some investigators
900 have indicated that known emission factors for fossil fuel
901 cannot account for the high BC concentration values
902 encountered in the region [Dickerson et al., 2002]. In
903 India, biomass/biofuel combustion is considered a major
904 source for carbonaceous aerosol, accounting for 71% of the
905 total BC emissions [Reddy and Venkataraman, 2001b]. It is
906 reasonable to expect a substantial amount of BC to
907 originate from biomass/biofuel burning since a positive
908 correlation between BC and CO has been observed in
909 South Asia [Dickerson et al., 2002], and source analysis of
910 CO pollution has found biofuel and agricultural waste
911 burning to be major sources of CO in the region [de Laat
912 et al., 2001]. As previously mentioned, due to the techni-
913 que employed, the BC concentration values presented here
914 are considered upper limits (see section 2.2) [Chow et al.,
915 2001].
916 3.5.4. Nss SO4

2�/BC Ratio
917 [33] The ratios between submicrometer nss sulfate and
918 BC (nss SO4

2�/BC) are evaluated for the different regimes,
919 and the results are summarized in Table 1. The large average
920 values obtained for this ratio for all regions are indicative of
921 the importance of direct emissions and aged particles.
922 Generally, nss SO4

2� is used as tracer for fossil fuel com-
923 bustion, since only small emissions of sulfate are normally
924 reported for biomass/biofuel burning [e.g., Crutzen and
925 Andreae, 1990; Thornton et al., 1999]. Based on the sulfate
926 mass content, a substantial fraction of the total (not only
927 carbonaceous) aerosol mass sampled during INDOEX has
928 been reported to be due to fossil fuel combustion [Reiner et
929 al., 2001; Lelieveld et al., 2001]. However, differences in
930 the estimates of sulfur emissions due to biofuel sources in
931 India are substantial, in particular for cattle dung-cake
932 which produces SO2 emissions higher than other biofuel
933 sources [Arndt et al., 1997; Smith et al., 2000; Reddy and
934 Venkataraman, 2001b]. Also, it has been indicated that
935 biofuel burning can be the dominant contributor to regional
936 SO2 emissions in a number of developing countries [Streets
937 and Waldhoff, 1999]. Sulfur emissions from shipping ves-
938 sels have been indicated as possible important contributors
939 to SO2 emissions as well [Streets et al., 2000; Mayol-
940 Bracero et al., 2002]. This could also account for the
941 higher nss SO4

2�/BC ratios determined from the samples
942 collected aboard the R/V Ronald H. Brown when compared
943 with those from the NCAR C-130 aircraft (e.g., ratios
944 between 1.3 and 2.8 have been reported for different
945 flights) [Novakov et al., 2002; Clarke et al., 2002; Mayol-
946 Bracero et al., 2002].

947 4. Conclusions

948 [34] Results obtained by traditional standardized aerosol
949 particle chemical analysis, real-time single-particle analysis,

950and fast-response gas-phase PTR-MS reflect the impact of
951different meteorological regimes and air masses encoun-
952tered during leg 2 of the R/V Ronald H. Brown INDOEX
953cruise. Low overall concentrations are found in the south-
954ernmost regions sampled where the air masses did not have
955any recent land influence. High values for concentration of
956submicrometer nss K+, carbon-containing particles with K+,
957acetonitrile mixing ratio, and submicrometer nss K+/EC
958ratios are observed in air masses advected from India.
959Results from an extended set of measurements imply a high
960contribution to carbonaceous aerosols from biomass/biofuel
961burning (accounting for approximately 75% of the carbon-
962containing particles), even in areas far from sources, show-
963ing the possibility of long-range transport (up to 7 days, as
964indicated by back trajectory analysis).
965[35] In air parcels from the Arabian Peninsula, the
966overall number concentration of carbon-containing par-
967ticles with K+, the submicrometer nss K+ mass concen-
968tration, and the acetonitrile mixing ratio decreased
969resulting in a smaller nss K+/EC and acetonitrile/CO ratio.
970These findings indicate a reduced biomass/biofuel burning
971impact and a higher contribution from fossil fuel combus-
972tion. A higher relative contribution from carbon-containing
973particles with K+ and Li+ indicate a higher relative con-
974tribution of carbonaceous particles from coal combustion
975derived particles, since carbon-containing particles with
976potassium and lithium have been observed in related
977source characterization studies. Also, carbon-containing
978particles with no detectable amount of potassium were
979enhanced in this region, indicating a stronger impact from
980fossil fuel combustion. Future studies involving further
981chemical characterization from different sources will be
982essential for minimizing some of the uncertainties, allow-
983ing for proper assessments of Asia’s pollution impact on
984regional and global scales.
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