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Abstract

Particles from biomass burning and regional haze were sampled in Rondônia, Brazil,
during dry, transition and wet periods from September to November 2002, as part of the
LBA-SMOCC (Large-Scale Biosphere-Atmosphere Experiment in Amazonia – Smoke,
Aerosols, Clouds, Rainfall, and Climate) field campaign. Water soluble organic and5

inorganic compounds in bulk (High Volume and Stacked Filter Unit sampler) and size-
resolved (Micro Orifice Uniform Deposit Impactor – MOUDI) smoke samples were de-
termined by ion chromatography. It was found that low molecular weight polar organic
acids account for a significant fraction of the water soluble organic carbon (WSOC) in
biomass burning aerosols (C2-C6 dicarboxylic acids reached up to 3.7% and one-ring10

aromatic acids reached up to 2% of fine fraction WSOC during burning period). Short
dicarboxylic (C2-C6) acids are dominated by oxalic acid followed by malonic and suc-
cinic acids. The largest ionic species is ammonium sulfate (60–70% of ionic mass). It
was found that most of the ionic mass is concentrated in submicrometer-sized parti-
cles. Based on the size distribution and correlations with K+, a known biomass burning15

tracer, it is suggested that many of the organic acids are directly emitted by vegetation
fires. It is concluded that the dicarboxylic acids are mostly confined to the particu-
late phase, and no evidence for semi-volatile behavior was observed. Finally, it is
shown that the distribution of water soluble species shifts to larger aerosols sizes as
the aerosol population ages and mixes with other aerosol types in the atmosphere.20

1. Introduction

There is a recent consensus that water soluble organic carbon (WSOC) compounds in
atmospheric particles may play a significant role in the formation of cloud condensation
nuclei (CCN) (Charlson et al., 2001; Laaksonen, 1998; Nenes et al., 2002; Yu, 2000).
As cloud condensation nuclei (CCN) are directly responsible for modulating cloud mi-25

crophysical properties and for influencing cloud radiative properties, understanding the
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origin and nature of WSOC-containing aerosols activity has taken on new importance
(Kaufman and Fraser, 1997; Kaufman et al., 2002; Ramanathan et al., 2001; Roberts
et al., 2003).

One of the major global sources for WSOC-containing aerosol is biomass burning,
wherein WSOC components have been found to account for 45–75% of the total car-5

bon containing aerosol mass (Graham et al., 2002; Mayol-Bracero et al., 2002). As
carbonaceous material constitutes as much as 70–90% of the total aerosol mass (An-
dreae and Crutzen, 1997; Cachier et al., 1995; Yamasoe et al., 2000), it is clear that
the amount of WSOC emitted to the atmosphere due to biomass burning is globally
important. The WSOC in biomass burning particles contributes to their CCN activ-10

ity, and hence to their global climatic effects (Andreae et al., 2004; Sherwood, 2002).
WSOC derived from smoke aerosols may also participate in aqueous phase chemical
reactions occurring in droplets nucleated by smoke particles.

The organic components of biomass burning aerosols consist of a complex mix-
ture of compounds reflecting a wide range of molecular structures, physical properties15

and chemical reactivities (Andreae and Merlet, 2001). Although a few recent studies
have concentrated on identification and quantification of water soluble components of
smoke particles (Gao et al., 2003; Graham et al., 2002; Mayol-Bracero et al., 2002),
typically less than 10% by mass of WSOCs has been identified successfully (Gao et
al., 2003; Graham et al., 2002). Most previous studies concentrated on characterizing20

bulk samples collected during biomass burning activity. Data about the distribution of
WSOC in the different particle sizes, and the changes in that distribution occurring dur-
ing the transition from the dry (biomass burning) season to the wet (background clean
conditions) season is scarce. The water soluble organic species include both high
ionic strength species, such as organic acids and salts, as well as weaker acids and25

humic-like species which have lower ionic strength and can be surface active (Hoffer
et al., 2004). There are also soluble, non ionic species such as anhydrous sugars (Si-
moneit, 2002; Simoneit et al., 1999). In this study, we focus on characterizing temporal
changes in the concentration and size distribution of the high ionic strength, low molec-
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ular weight (LMW) organic acids that are found in relatively fresh plumes of smoke
particles from vegetation burning in Brazil.

Gao et al. (2003) measured WSOC concentrations in biomass burning particles col-
lected from savanna fires in southern Africa, reporting abundances of 7 organic acids
measured in their anionic form by ion chromatography, including acetate, formate, ox-5

alate, malonate, succinate, glutarate and gluconate. Seven carbohydrates were also
quantified by electrospray ionization-ion trap mass spectrometry coupled with Ion Ex-
clusion Chromatography with pulsed amperometric detection. In general, the organic
acids measured represented less than 5% of the total aerosol mass, while the carbo-
hydrate mass fraction varied from about 15% to only a few percent. The most abun-10

dant organic acid found in the study was tentatively identified as gluconic acid (aver-
age mass fraction 0.0045), with the other mono- and dicarboxylic acids making even
smaller contributions. Levoglucosan, while reported to be the most abundant carbohy-
drate with an average mass fraction of 0.033, was present only during the smoldering
phases. For samples collected in October 1999 in Brazil (at the same site as used in15

the current study), Mayol-Bracero et al. (2002) employed an anion exchange HPLC/IC
technique (Decesari et al., 2000) to separate WSOCs into three compound classes:
neutral, mono- and dicarboxylic acids, and polycarboxylic acids. They found that the
acid fractions represented about 51% of the WSOC fraction, but did not further speci-
ate the compounds. In a companion paper (Graham et al., 2002), levoglucosan was20

reported to account for 1–6% of total carbon, and 2–7% of WSOC. Altogether, Graham
et al. (2002) identified by GC/MS between 9 to 14% of the WSOC fraction, including
a number of aliphatic di- and tricarboxylic acids, aliphatic oxo-/hydroxyacids, and aro-
matic compounds. The simple aliphatic acids were found to make up only about 1–2%
of the WSOC, on average, with oxalic acid being most abundant, followed by malonic25

and succinic acids. Components in the other compound classes were, in general,
even less abundant. For aerosols from the 1997 Indonesian forest fires, Narukawa et
al. (Narukawa et al., 1999) also reported a homologous series of dicarboxylic acids,
dominated by oxalic acid, and followed in abundance by malonic and succinic acid. In
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their work, these dicarboxylic fractions represented 2–8% of the WSOC. None of these
papers report relative distributions of these compounds as a function of aerosol size,
season, or day/night interval.

Considering the foregoing, it is evident that more comprehensive data sets involv-
ing chemical characterization of the WSOC fraction of biomass burning aerosols are5

needed. In particular, it is essential to characterize changes in WSOC composition
with seasonal changes in biomass burning, and differences in WSOC components as
a function of aerosol size. Considering its importance, this study concentrates on the
ionic WSOC chemical composition of biomass burning aerosols collected day and night
throughout a ten-week interval from the peak of the 2002 dry (biomass burning) season10

into the following wet season in Rondônia, Brazil, with particular attention to chemical
differences between size-resolved aerosol samples. It is hoped that such detailed data,
besides helping to elucidate the potential CCN activity played by such aerosols, will
provide essential input for climate models that aim to evaluate large scale meteorolog-
ical and climatological effects of biomass burning. Recent detailed analysis of the gas15

phase precursors and gas/aerosol partitioning processes have shown that LMW polar
organic acids should be incorporated in thermodynamic models to accurately predict
inorganic aerosol composition (Trebs et al., 2004b1). Detailed chemical characteriza-
tion of the ionic WSOC fraction can also provide the basis for thermodynamic models
describing water uptake by aerosol particles in haze and cloudy conditions, thus shed-20

ding light on smoke aerosol effect on climate.

1Trebs, I., Metzger, S., Meixner, F. X., Helas, G., Hoffer, A., Andreae, M. O., Moura, M.
A. L., daSilva Jr., R. S., Slanina, J., Rudich, Y., Falkovich, A. H., and Artaxo, P.: The NH+

4

NO−
3 Cl− SO2−

4 H2O aerosol system and its gas phase precursors at a rural site in the Amazon
Basin: How relevant are crustal species and soluble organic compounds?, J. Geophys. Res.,
submitted, 2004b.
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2. Experimental

2.1. Sampling

Smoke particles were sampled in the state of Rondônia, Brazil, at a pasture site
(Fazenda Nossa Senhora Aparecida (FNS); 10◦45′50′′ S, 62◦21′36′′ W; 284 m above
sea level), from 8 September to 11 November 2002, as a part of the LBA-SMOCC5

(Large-Scale Biosphere-Atmosphere Experiment in Amazonia – Smoke, Aerosols,
Clouds, Rainfall, and Climate) campaign. According to meteorological conditions, the
sampling period is subdivided into dry (intense burning; 8 September to 7 October),
transition (8 October to 29 October) and wet (30 October to 11 November) periods. A
detailed description of the site is given in Kirkman et al. (2004). Aerosol samples were10

obtained from regionally emitted biomass burning plumes for periods of time ranging
from 12 to 72 h per sample (depending on aerosol loadings), using two filter samplers
and one cascade impactor:

– Stacked Filter Unit (SFU) sampler that separates coarse (10>d>2.0µm, where
d is aerodynamic diameter) and fine particles (d<2.0µm) by sequential filtration15

on 8.0 and 0.4µm pore-size Nuclepore® polycarbonate filters (Whatman, 47 mm
diameter), with a flow rate of 10–15 l/min.

– High Volume (HiVol) dichotomous sampler that separates fine (d<2.5µm) from
coarse particles (d>2.5µm) with a flow rate of 300 l/min for the fine fraction and
30 l/min for the coarse fraction. For both size fractions, the particles were collected20

with a front/back tandem system of quartz fiber filters (102 mm diameter, Pallflex®,
Pall Corporation; prebaked for 24 h at 550◦C). The use of a tandem filter system
allows estimating possible artifacts in particulate organic matter determination
due to adsorption of gaseous organic compounds by filters (Novakov et al., 1997;
Turpin et al., 2000). It is assumed that the front quartz filter collects aerosol25

particles with close to 100% efficiency, while gaseous organics absorb on both
filters evenly.
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– Micro Orifice Uniform Deposit Impactor (MOUDI) (model 110, MSP Corporation,
Minneapolis, USA) was employed for collection of size-resolved smoke particles,
flow rate of 25–30 l/min. Aerosols were separated into 9 fractions with calibrated
aerodynamic cutoffs of 18, 10.0, 3.2, 1.8, 1.0, 0.56, 0.33, 0.175 and 0.093µm.
Sampling was carried out on Nuclepore® polycarbonate (Whatman) filters with5

47 mm diameter, and a Teflon back-up filter was used for collection of the particles
<0.093µm.

Flow rates and sampling volumes were determined by Hastings mass flowmeters for
the SFU and MOUDI samples. The loaded filters were placed immediately in clean
plastic Petrislide dishes (for SFU and MOUDI samples) or in prebaked aluminum foil10

(for the HiVol samples) and stored at −25◦C until analysis. Filter blanks were obtained
using the same loading and unloading procedure as for normal filters but with a sam-
pling time of only 15 s.

2.2. Ion chromatography (IC) analysis

Inorganic and organic ionic species were quantified by ion chromatography after extrac-15

tion of filters with water. The extraction and analytical procedures have been thoroughly
validated (Falkovich et al., 2004).

2.3. Materials

The following chemicals and standards were used: (1) Sodium hydroxide 50% (w/w)
solution, J. T. Baker, Phillipsburg, NJ, USA; (2) Anionen multi-element standard I, Anio-20

nen multi-element standard II, Nitrite standard solution and Sodium iodide GR (99.5%),
Merck, Darmstadt, Germany; (3) Six Cation – II Standard, Dionex, Sunnyvale, CA; (4)
Organic acid and anion standards, Riedel-de Haen, Seelze, Germany, Fluka Chemie,
City, Switzerland, Sigma-Aldrich Chemie Gmbh, Steinheim, Germany, and Supelco,
Bellefonte, PA.25
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2.4. Sample preparation

Aqueous aerosol extracts were prepared by shaking a portion of the loaded filters
vigorously for 15 min in Nanopure water (18.0 MΩ-cm) in capped glass vials. Sample
solutions were left for an hour in the dark and then were filtered with prewashed GHP
Acrodisk® (Gelman, 0.45µm) syringe filters. A whole MOUDI filter or a half of SFU5

filter were extracted once with 4 ml of water; a quarter of a HiVol filter was extracted
twice with 5 ml portions of water.

2.5. Ion chromatography conditions

The IC analysis was carried out using a Varian ProStar HPLC system equipped with
a Dionex ED50 electrochemical detector at isothermal (24◦C) conditions. Anions were10

determined using a Dionex AS11 analytical column and ASRS-Ultra suppressor in au-
tosuppression mode. For simultaneous separation of inorganic and short-chain (C1-
C9) organic anions, gradient elution by 0.4–25 mM NaOH (2 mL/min) was employed
(Table 1). Cations were determined using a Dionex CS12 column and CSRS-Ultra
suppressor in autosuppression mode with 20 mM methanesulfonic acid (MSA) as an15

eluent (1 ml min−1). All ions were quantified against standard calibration curves. Con-
centration data are given as mass concentrations in air corrected to standard temper-
ature and pressure, STP (298 K, 1000 hPa). The analyzed ionic species are listed in
Table 2. Since all organic acids listed in Table 2 have been measured as their anionic
forms, when discussing organic acids we refer to their anionic mass concentrations.20

In this study, 34 SFU samples (19 from the dry period, 7 from the transition and 8
from the wet periods) and 22 HiVol samples (16 from the dry period, 5 from the tran-
sition and 1 from the wet period) were analyzed. Selected MOUDI samples (nine filter
membranes each) were analyzed in this study: three MOUDI samples collected dur-
ing the dry period: MDRO37 (23 September), MDRO39 (25 September) and MDRO4025

(28 September), about 24 h sampling interval for each; two MOUDI samples collected
during the transition period: MDRO53 (16–18 October, 38 h) and MDRO54 (18–20 Oc-
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tober, 44 h); and one MOUDI sample collected during the wet period: MDRO60b (6–10
November, 99 h). It is noted that while rain was very rare during the dry period, a 20 mm
rain period occurred on the morning of 28 September (during the MRDO40 sampling).

3. Results

In general, throughout the entire sampling interval, potassium, ammonium, nitrate, sul-5

fate and C2-C6 dicarboxylic acids (DCA) accounted for more than 92% of the total ionic
mass concentration of the smoke particles. The following results and discussion will
focus mainly on temporal changes in concentrations of the ions and on their size dis-
tributions, with emphasis on the C2-C6 DCA (including straight-chain, branched, keto-
and hydroxyl- derivatives, as listed in Table 2). Complementary information on the in-10

organic and organic composition of size-resolved aerosols sampled during the burning
season and dry-to-wet season transition are given elsewhere (Trebs et al., 2004b1).
The results are presented according to the sampling devices.

3.1. Stacked filter unit (SFU) data

The concentrations of particulate mass (PM) ranged from 2.7 to 148.1µg m−3 for the15

fine size fraction (FPM) and from 0.5 to 31.1µg m−3 for the coarse size fraction (see
Table 3 for detailed data). The highest FPM concentrations were measured during the
dry period, when biomass burning emissions were most intense. In the transition and
wet periods, FPM concentrations were considerably smaller. The temporal variations
in FPM concentration are shown in Fig. 1. Throughout the sampling interval, mass con-20

centrations of the five major ions (potassium, ammonium, nitrate, sulfate and oxalate)
followed similar temporal trends to the FPM (Fig. 1).

The mass concentrations and relative abundances (%) of ions determined in the
SFU samples are given in Table 3. Temporal variations in the relative abundances of
nitrate, sulfate, C3 to C6 DCA (lumped together) and oxalate in the fine anionic frac-25
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tion are shown on Fig. 2. The mean total ionic mass fractions for the dry, transition
and wet periods were 11.4%, 18.2% and 16.2%, respectively, of the fine particle mass
and 8.8%, 7.8% and 6.9% of the coarse particle mass (Fig. 3). The anionic fraction
of fine smoke particles consists mostly of sulfate (average about 60%) followed by
C2-C6 DCA (average about 22.5%, with oxalate accounting for about half of it). The ni-5

trate average relative abundance was only about 6%. The average relative abundance
of nitrate was not substantially greater than that of the aromatic acids and monocar-
boxylic acids (MCA), while the average relative abundance of tricarboxylic acids (TCA)
reached about 1%. The cationic fraction is dominated by ammonium (>60%) and K+

(>30%; not shown). The K+ to NH+
4 mass ratio in the fine size fraction decreased from10

0.7±0.2 in the dry period to 0.25±0.05 in the wet period (Fig. 4), presumably reflect-
ing the decrease in fresh biomass burning emissions, and mixing with different aerosol
types. It is noted, though, that real-time inorganic composition measurements differed
somewhat from the filter results (Trebs et al., 2004b1). An intercomparison of different
samplers’ performances and results will be discussed in a subsequent paper.15

Interestingly, while the total ionic mass fraction in the dry, transition and wet peri-
ods did not differ much, the composition of both anionic and cationic fractions was
substantially different in the wet period (Table 3; Figs. 2 and 3). In wet period sam-
ples, the relative abundances of MCA and (to a lesser extent) DCA decreased, TCA
and aromatic acids were absent, and sulfate and ammonium became more dominant,20

particularly in the fine fraction.
Ion concentrations of sulfate and potassium in the fine fraction measured by IC were

compared with their elemental concentrations measured by IFUSP by particle-induced
X-ray emission (PIXE) for the same samples for the data quality assurance. Figure 5
shows a very good correlation between the cation and anion chromatography results25

and the PIXE data, corroborating the ion chromatography results.
Dicarboxylic C2-C6 acids made up 2.0% (SD=1.1%; maximum=3.7%) and one-ring

aromatic acids made up 0.8% (SD=0.6%; maximum=2%) of the fine fraction WSOC
measured in the dry period (WSOC data obtained from parallel HiVol samples was
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provided by Ghent University).

3.2. MOUDI data

The MOUDI measurements presented here provide for the first time, to the best of
our knowledge, detailed information about the distribution of different organic ions in
smoke particles from Brazil as a function of the particles’ aerodynamic size and fol-5

lowing the transition from dry to wet periods. Mass concentration data for one set of
MOUDI samples typical for each period is presented in Table 4 to exemplify the concen-
tration ranges in the different periods. Concentrations are normalized to the size bin of
each impactor stage (dC/d log Dp), where C is the mass concentration of a compound
in a specific size bin and Dp is particle aerodynamic diameter (Seinfeld and Pandis,10

1997). Figure 6 shows normalized mass distributions of characterized ionic species
in selected MOUDI samples, as well as mass loading (PM) as a function of size. To
enable comparison between size distributions of ions with significantly different mass
loadings, Fig. 6a–f presents normalized mass distributions of the different components
dC/(Ctotal d log Dp), where Ctotal=ΣCi and Ci is the mass concentration of the specific15

species in the i’th bin. For discussion purposes, particles with aerodynamic diameter
smaller than 1.8µm are classified as fine particles, and particles larger than 3.2µm as
coarse particles. In general, particles with aerodynamic diameter ranging between 1.8
and 3.2µm have a small contribution to the total particulate mass.

The following aspects of the ion size distributions are noted:20

1. In agreement with the SFU data, the highest mass concentrations of all ions in
the fine mode were observed during the dry period, when biomass burning was
most intense (Table 4).

2. Size distributions of PM and ionic species collected during the dry period are
very similar to each other, especially those in MDRO37 and MDRO39 (Figs. 6a,25

b). Most of the particulate mass was concentrated between 0.2–1µm. The size
distributions of NH+

4 , K+, SO2−
4 and all organic anions, MCA, DCA and one-ring
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aromatic acids, also peaked in this size range. A very minor amount of oxalate
was found in particles larger than 1.8µm. Only NO−

3 exhibited a bimodal size
distribution with substantial mass fraction in the coarse mode.

The size distributions of species in MRDO40 sample (Fig. 6c) exhibited, in gen-
eral, features similar to those of MDRO37 and MDRO39, but the distribution max-5

imum was slightly skewed towards the higher size bins. PM exhibited some in-
crease in the coarse mode as well. It was the only sample where a high concen-
tration of Na+ and Cl− was found in the coarse mode (not shown).

3. Size distributions of ionic species measured during the transition period (Fig. 6d,
e) exhibited in general features similar to those observed in the dry period, but10

some K+ and organic acids were found also in the coarse mode. The PM distri-
bution is similar to that obtained for the MDRO40 sample; however, very low Na+

and Cl− concentrations were observed in the transition period samples. NO−
3 was

mostly found in the coarse mode.

4. In the wet period sample, the particulate mass loading is distributed almost15

equally between all impactor stages (Fig. 6f). The fine mode continued to domi-
nate only for ammonium and sulfate, while carboxylic acid distributions shifted to
higher size bins. No aromatic acids were found in the wet period. Both K+ and
NO−

3 peaked in the coarse mode. Phosphate was found only in the wet period
MOUDI sample and it was only present in the coarse mode.20

In Fig. 7 ionic mass concentrations as a percent of PM (hereafter referred to as ionic
mass fraction) vs. particle size for a single sample from each of the dry and wet periods
are presented. The ionic mass fractions in the dry, transition and wet periods account
for about the same 15–16% of the PM (Cl− and TCA are not shown). However, the
organic fraction in the fine mode size bins is substantially higher for dry period samples25

than the wet period sample (about 40% vs. 10%), with C2-C6 dicarboxylic acids making
up the major part of the organic ionic mass fraction in the fine mode. In the dry period,
the total ionic mass fraction has a peak in the 0.56–1.0µm range, while in the wet
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period, the maximum shifts to a smaller size range, 0.33–0.56µm. Aromatic acids are
confined only to the size bin with the highest ionic mass fraction, i.e. 0.56–1.0µm, and
are absent from the wet period sample.

3.3. High Volume sampler (HiVol) data

Ion mass concentrations in the front and back filters of the fine samples collected by5

the HiVol sampler during the dry and transition periods were determined. When per-
forming an intralaboratory comparison between the SFU (polycarbonate membrane)
and HiVol (quartz fiber filter) samples, it was observed that some species (such as sul-
fate) correlated very well between the two sample sets, while other species, such as
nitrate and oxalate, had concentrations twice as high in HiVol samples compared with10

SFU samples. It is known that quartz fiber filters have a large specific area on which
adsorption of gases can occur (Turpin et al., 2000). In addition, it is possible that the
quartz fiber filter may be wetted at high relative humidities. Therefore, it is suggested
that gas adsorption or oxidation processes occurring on the quartz fiber filters might
have resulted in positive artifacts during HiVol sampling. Consequently, we used the15

data obtained from the HiVol samples only for resolving issues which could not be fully
addressed based on SFU samples. On the other hand, it should be noted that nega-
tive artifacts (volatilization losses) may have existed for the SFU and MOUDI samples,
in particular in the fine size fractions, because of the relative low pressure conditions
during sampling.20

To estimate the positive artifact caused by adsorption of gaseous compounds by
quartz fiber filters (Novakov et al., 1997; Turpin et al., 2000), ratios of the ionic mass
concentration on the back filter sample to that on the front filter sample were calcu-
lated for selected ions (Table 5). Among the organic acids, only MCA and MSA were
present in substantial amounts on the back filters (16–30% of the front filter concentra-25

tions). Therefore, it appears that they have been significantly adsorbed from the gas
phase, while DCA and aromatic acid adsorption is comparable to that of a non-volatile
compound such as sulfate.
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4. Discussion

Evidently, the composition of the Amazonian aerosols analyzed in this work was heavily
impacted by vegetation combustion. However, since chemical composition evolves
during aerosol aging, and combustion is not the only aerosol source in the region, it
is challenging to evaluate the actual proportion of primary combustion products in the5

determined aerosol chemical composition. Fine size fraction K+ is a highly useful tracer
for pyrogenic aerosols, since combustion of plant material releases large amounts of
K+-rich particles in the submicrometer size mode (Andreae, 1983). The near unity
slope in comparison with elemental analysis by PIXE (Fig. 5) indicates that almost all
fine mode K+ in the particles is present in water-soluble (cationic) form. Therefore, we10

consider fine size fraction species whose temporal profile correlates well with that of
K+, as species which are produced by vegetation combustion. We used this approach
to investigate the origin of the low molecular weight organic acids. FPM and the mass
concentrations of NH+

4 , NO−
3 , SO2−

4 , DCA and aromatic acids measured in the SFU
samples (shown in Fig. 1) followed the same temporal trends as K+, suggesting that15

the fine aerosol, in general, and these ionic species, in particular, were produced mostly
by vegetation combustion.

4.1. Relationships between ionic species measured in SFU samples

Cluster analysis was used to obtain statistically meaningful correlations between the
major ionic species in the fine size fraction. Details of the procedure are described by20

Artaxo et al. (1990).
Results from cluster analysis of dry and transition period samples are shown graph-

ically in Fig. 8 in the form of a dendrogram. K+ highly correlates with FPM, indicating
that the fine aerosols consist mainly of smoke particles. The close association of ox-
alate to this cluster suggests that its dominating source is vegetation combustion and25

not secondary photochemical process. Sulfate and NH+
4 , comprising non-volatile am-

monium sulfate by gas to particle conversion, compose a separate cluster. The cal-
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culated molar ammonium to sulfate ratio obtained by IC analysis was greater than 2,
suggesting that sulfate is completely neutralized by ammonia to form (NH4)2SO4 salt.
The proximity of the DCA C3-C6 cluster to the ammonium sulfate cluster suggests that
they have common sources, i.e., vegetation combustion (Jaffrezo et al., 1998; Ma and
Jacobson, 2003), and that they may form salts. Such salts can play an important role in5

determining the thermodynamic properties of the aerosol (Trebs et al., 2004b1). Acetic
and formic acids appear in the furthest class, confirming that they have a completely
different source in the particles, consistent with their higher vapor pressure.

4.2. Size distributions of the ionic species

Analysis of the MOUDI samples shows that during the dry period, most of the particu-10

late mass was concentrated in sizes smaller than 1.8µm (Figs. 6a–c), peaking in mass
at 0.2–1µm, indicating the dominant size range of the smoke particles. Interestingly,
while most of the ion size distributions exhibit a maximum between 0.33–0.56µm in
the dry period (Fig. 6a–c), the total ionic mass fraction peaks between 0.56–1.0µm
(Fig. 7a). This difference presumably reflects a higher mass fraction of non-soluble15

and/or non-analyzed species in the bulk of primary smoke aerosols such as tarry sub-
stances or black carbon present in the 0.33–0.56µm size range (Gao et al., 2003;
Mayol-Bracero et al., 2001).

C2-C6 DCA were mostly found in submicrometer particles and appear in the same
cluster as (NH4)2SO4, closest to FPM and K+ cluster (Fig. 8). Thus we infer that they20

have a common source. However, a relatively high abundance of oxalate was observed
also in the coarse anionic fraction (Fig. 3 and Table 3), pointing to an additional potential
DCA source. A field study in the Southern African savanna (Formenti et al., 2003)
suggested a possible distribution pattern of oxalate during aerosol transport, whereby
certain gas-phase smoke components are converted by atmospheric oxidants to DCA25

through sequential decarboxylation and oxidation. Therefore, DCA may have at least
two sources: primary production during biomass burning and secondary production
during aerosol transport.
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Consistent with the conclusions from the SFU, the molar ammonium to sulfate ratio
in the MOUDI samples was close to or greater than 2 in the 0.093–1.0µm size range,
indicating that all SO2−

4 was neutralized to (NH4)2SO4, which is the dominant salt in
these aerosols. The size distributions of the aromatic and carboxylic acids are similar
to that of K+, suggesting that they were predominantly emitted with smoke aerosol.5

Nitrate has a bimodal size distribution, with a contribution from the coarse mode, con-
sistent with the SFU samples and the cluster analysis (Table 3, Fig. 8), suggesting that
a process other than direct emission is responsible for nitrate in the coarse mode. Re-
cent studies on nitrate in biomass burning plumes suggested that NOx emitted from the
fires forms nitric acid by reactions with atmospheric oxidants such as O3 or OH• (Gao10

et al., 2003), which condenses onto alkaline particles such as mineral dust or biomass
burning aerosol (Chul H. Song, 2001; Tabazadeh et al., 1988). Therefore, nitrate is a
secondary product in biomass burning aerosols replacing organic and inorganic anions
with HNO3 (Tabazadeh et al., 1988; Trebs et al., 2004b1), or through neutralization of
nitric acid by ammonium to form ammonium nitrate (NH4NO3) (Seinfeld and Pandis,15

1997). It is noted here, that nitrate values from filterpacks and impactors are probably
lower limits, as evaporation losses are expected. An indication for that is that in sam-
ples collected by a loss-free technique at the same site, nitrate generally exceeded
sulfate (Trebs et al., 2004a).

An increase in PM and high Na+ and Cl− concentrations were observed in the coarse20

mode of sample MRDO40. During sampling there was a 20 mm rain event, an unusual
event for the dry season. The Cl− molar concentration in a rainwater sample collected
on the same day was equal to that of Na, indicating the presence of NaCl salt in the
rainwater. The Cl− concentration in the rainwater sample (200µg/L) was almost as
high as the SO2−

4 concentration (230µg/L) (Domingues, M. and Artaxo, P., unpub-25

lished results). However, penetration of marine air masses to the sampling area seems
improbable. Even if air masses from the Atlantic reached the Rondonia region, most of
the marine aerosols would be wet-deposited during the several days of transport. We
currently do not have a good explanation for the presence of NaCl in these samples.
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In the wet period MOUDI samples, PM is distributed almost equally among all im-
pactor stages. Carboxylic acids as well as K+ appear also in the higher size bins. This
observation reflects a relative dearth of fresh smoke emissions, and implies the exis-
tence of other sources, not from biomass burning, for these species. This is consistent
with the absence of levoglucosan, a specific biomass burning tracer, from the coarse5

mode in all periods (Schkolnik et al., 20042). A possible source for such carboxylic
acids may be biogenic emissions (Guyon et al., 2004; Kocak et al., 2004). This is
further substantiated by the presence of phosphate (known to be a biogenic emission
marker) which was observed exclusively in the wet period MOUDI sample and only in
the coarse mode. The contribution from other aerosol sources agrees also with the10

crustal enrichment factor for K in the coarse mode in the wet period which was typically
around 3 with respect to Mason’s average crustal rock composition (Mason, 1966), us-
ing Al as crustal reference element. This indicates that an additional aerosol source
may be mineral dust, plant debris, plant spores or bacteria. The high DCA concentra-
tions in the coarse mode could be also partly attributed to photochemical processes15

followed by condensation (Chebbi and Carlier, 1996). It was also suggested that ox-
alic and malonic acids can be produced by degradation of higher DCA on particles
(Kawamura and Ikushima, 1993). Finally, the shift of DCA and K+ to higher sizes may
also suggest mixing between aerosol populations by in-cloud processing followed by
evaporation.20

4.3. Organic acids in the tandem front/back filter system (HiVol)

The ubiquity of DCA in biomass burning particles requires that their concentrations in
aerosols be accounted for correctly in models. Although carboxylic acids have been
studied in the gas and particulate phases, most of the data refer to monocarboxylic

2Schkolnik, G., Falkovich, A. H., Rudich, Y., Artaxo, P., and Maenhaut, W.: A new method for
the determination of levoglucosan, 2-methylerythritol and related compounds and its application
for rainwater and smoke samples, Env. Sci. Technol., submitted, 2004.
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acids (formic and acetic). To our knowledge, the few field studies that attempted to
monitor gas-particle partitioning of dicarboxylic acids have led to contradicting conclu-
sions about their semi-volatile behavior (Baboukas et al., 2000; Limbeck et al., 2001;
Mochida et al., 2003; Saxena and Hildemann, 1996). Specifically, recent field studies
reported that low molecular weight DCA are semi-volatile (Baboukas et al., 2000; Lim-5

beck et al., 2001). Limbeck’s conclusions about semi-volatile behavior of the C2-C6
DCA were based on the presence of significant concentrations of DCA on the back
filter (Limbeck et al., 2001). In contrast, C2-C6 DCA concentration ratios of back to
front filters in our samples did not exceed 0.071±0.066. A similar ratio (0.059±0.034)
was obtained for the none-volatile sulfate. Therefore, we suggest that C2-C6 DCA are10

not semi-volatile and are confined to the aerosol phase.
The sampling set-up applied in the present study does not differ substantially from

that used by Limbeck et al. (2001) where samples were collected using an open-faced
low-volume sampler equipped with a front/back filter tandem system of quartz fiber fil-
ters. A major difference is that in the Limbeck study, sampling intervals were about a15

week, and collected samples were stored in a refrigerator (0–4◦C) until analysis (Lim-
beck et al., 2001). In contrast, our sampling intervals were shorter (about 12 h) except
for five transition period samples, which were collected for 24–36 h. Loaded filters were
immediately placed in a freezer (−25◦C) and thus stored until analysis.

Our conclusion that DCA are not semi-volatile and are confined to the aerosol phase20

supports a similar conclusion by Saxena and Hildemann (1996). Using a more so-
phisticated sampling set-up, Mochida et al. (2003) also measured C2-C5 DCA gas to
particle partitioning, showing that their actual fractions in particles are close to unity. In
addition, a laboratory study investigating the efficiency of DCA as CCN (Prenni et al.,
2001) found that LMW DCA partition to the condensed phase, and that once wetted in25

the atmosphere, these compounds remain as a metastable solution, even when dried
to less than 5% RH. This means that at high relative humidity typical for the tropical
rainforest (60–100%), DCA are expected to be confined to the aerosol phase.

A possible explanation for the contradictory conclusions is that the prolonged sam-
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pling on quartz fiber filters lead to production of oxalic and succinic acids on the back
filters. Oxalic and succinic acids can form by oxidation of high molecular weight organ-
ics, such as aromatic compounds or unsaturated fatty acids, while malonic acid cannot
be produced by this pathway (Gao et al., 2003; Kawamura et al., 1996). In the study of
Limbeck et al. (2001), malonic acid was confined mostly to the front filter, while oxalic5

and succinic acids were found also in back filters. This is consistent with the above
explanation.

4.4. Comparison with previous studies on organic acids in aerosols from vegetation
burning

Detailed compositional data on the ionic fraction of biomass burning aerosols is es-10

sential for understanding the impact of smoke aerosol on atmospheric chemistry and
climate. Several studies have contributed toward our current knowledge of organic
acids in biomass burning. Some characterization studies of dicarboxylic acids in smoke
aerosols collected during field campaigns in different locations and different vegetation
types have been conducted. Table 6 summarizes some published DCA compositional15

data obtained for biomass burning aerosols in different parts of the world. In these
studies DCA in general and oxalic acid in particular, appear to be the major particulate
organic species, with mass concentrations up to 1–4µg m−3. It can be seen that the
compositional data from a field study carried out in 1999 at the same sampling site as
the present study (Graham et al., 2002) agrees with the measurements presented here.20

The consistency between the two data sets (see Table 6) allows us to consider them
representative for the emissions produced by vegetation combustion in the Amazon re-
gion. However, the 1999 study lacks the temporal variations and the size distributions
reported here.
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5. Conclusions

Examining the link between aerosol chemical/physical properties and aerosol hygro-
scopic and cloud-nucleating properties, and modeling the effect of biomass burning
aerosol on cloud microphysics at the cloud and regional level, has been one of the
overall goals for the SMOCC field study. It is not a trivial task to model microphysical5

characteristics of smoke aerosols, due to their complex chemical composition. Such
modeling requires size distribution data of aerosol chemical composition. To the best
of our knowledge, this is the first study that reports size distributions of organic acids
in smoke aerosols.

High ionic strength organic species may affect aerosols’ hygroscopic and cloud-10

nucleating properties, although their carbon mass fraction in WSOC averages about
3%. Despite the fact that organic carbon (OC) is a typical parameter directly measured
to quantify the organic fraction in aerosols, organic aerosol mass is more important to
the chemical and physical properties of aerosols. As opposed to hydrocarbons that
consist of only carbon and hydrogen atoms, oxygenated organic compounds, such as15

organic acids, contain oxygen atoms whose mass and volume are substantial. Organic
acids in aerosols have large organic matter (OM) to OC ratios (Mochida et al., 2003)
because they contain oxygen atoms in -COOH functional groups. The OM/OC ratios
of C2-C6 DCA range from 3.8 (oxalic acid) to 2.0 (adipic acid), indicating that their con-
tributions to the aerosol mass should be larger than those calculated on the basis of20

carbon only. Another important role of organic acids relating to their contribution to the
smoke aerosol mass is the formation of salts. Both organic acids and NH+

4 were pre-
dominantly present in submicron size particles and ammonium was present in amounts
higher then those needed to neutralize SO−−

4 to (NH4)2SO4. It was recently deduced
that in order to balance the fine mode aerosol inorganic ionic charges, carboxylic acids25

have to be present as ammonium salts (Trebs et al., 2004b1). When organic acids are
present as ammonium salts, their contribution to the total aerosol mass increases even
more (e.g. OM/OC = 5.2 for oxalic acid as COO(NH4)2 instead 3.8 for free oxalic acid).
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The measurements presented in this paper provide a comprehensive dataset for
the chemical composition of the water soluble fraction in biomass burning particles in
Brazil, and demonstrates how chemical composition changes with the transition from
the burning season to clean conditions. While the chemical composition obtained from
bulk measurements shows little differences between the three periods, the size re-5

solved data shows substantial differences in the distribution of species among the dif-
ferent size ranges as the aerosols age and are mixed with other aerosol types. The
distributions also shed light on the different sources of species.
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Table 1. Elution gradient used for anion chromatography.

Time (min) water 0.4 mM NAOH 25 mM NaOH

Initial 80 20 0
2.0 80 20 0
8.5 0 100 0

14.0 0 43 57
17.0 0 33 67
17.1 0 0 100
23.0 0 0 100
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Table 2. Organic and inorganic ions determined by ion chromatography in smoke samples.

Inorganic
cations Na+, NH+

4 , K+, Mg++, Ca++

anionsa Cl−, NO−
2 , NO−

3 , SO−−
4 , PO−−−

4 , CH3SO−
3 (MSA)

monocarboxylic (MCA) formic, acetic, glycolic, glyceric, lactic, pyruvic,
glyoxylic, valeric, trichloracetic, threonic

dicarboxylic (DCA) oxalic, malonicb, hydroxymalonic, methylmalonic,
maleic, malic, succinic, methylsuccinic,

Anions of organic acids dihydroxysuccinic, glutaric, adipic,
2-hydroxyglutaric, tartaric, fumaric, azelaic

tricarboxylic (TCA) citric, tricarballylic
aromatic phthalic, syringic, 3-hydroxybenzoic,

4-hydroxybenzoic, vanillic, isovanillic

a CO−−
3 can not be determined by our anion chromatography system;

b Malonate concentration is underestimated because of its poor separation from the carbonate peak.
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Table 3. Selected particulate mass concentrations (µg m−3) and ionic mass concentrations
(ng m−3) identified by IC in aqueous extracts of SFU aerosol samples from FNS, Brazil, 2002.

   Ion mass concentrations, ng m -3 

   

PM, 
µg m-3 Cl- NO3

- SO4
= MSA MCA Oxalate DCA C3-

C6 
TCA Aro- 

matic NH4
+ K+ 

Mean 61.7 135.5 433.5 2441.6 40.5 138.6 515.6 566.3 52.9 273.1 1368.1 829.7 

Median 58.0 124.0 259.2 2401.9 43.7 93.0 505.7 536.3 15.1 186.4 1284.1 784.5 

D
ry

 5th--95th 
percentiles  

18.1-
103.7 

29.8-
291.9 

0.0-
1302.4 

724.9-
4074.8 

0.0-75.8 22.9-
412.6 

92.2-
931.8 

139.0-
1026.2 

0.0-
148.6 

40.7-
600.5 

436-
3039.5 

284.6-
1286.0 

Mean 15.5 27.8 50.7 1065.2 12.4 27.8 177.3 295.1 38.9 137.2 512.5 287.5 

Median 18.1 28.8 29.0 1129.6 12.9 26.7 186.9 272.6 30.4 136.8 461.1 318.4 

T
ra

ns
iti

on
 

5th--95th 
percentiles  3.7-25.8 

9.3-
44.9 

6.6-
108.7 

357.9-
1894.7 

0.0-23.2 8.4-
46.0 

65.9-
265.3 

63.6-
514.2 

12.6-
71.0 

22.6-
240.0 

123.9-
886.9 

50.2-
500.1 

Mean 4.0 9.5 10.8 304.6 <d.l. 5.2 36.7 33.9 <d.l. <d.l. 177.1 42.4 

Median 3.9 8.3 9.4 320.1 <d.l. 6.0 36.7 31.4 <d.l. <d.l. 183.3 41.1 

F
in

e 
(<

2 
µm

) 

W
et

 5th--95th 
percentiles  3.1-4.9 

6.8-
15.3 

6.7-
17.1 

203.0-
396.3 <d.l. 2.5-

6.7 
23.0-
51.6 14.7-61.0 <d.l. <d.l. 118.2-

229.7 
31.5-
57.3 

Mean 16.5 37.0 351.9 285.5 0.8 80.3 162.2 19.7 <d.l. <d.l. 153.6 127.4 

Median 15.4 38.3 285.9 305.1 <d.l. 30.4 169.5 <d.l. <d.l. <d.l. 130.6 90.4 

D
ry

 5th--95th 
percentiles  6.7-28.4 

12.9-
55.6 

138.3-
674.5 

13.5-
533.7 

0.0-1.5 6.1-
263.8 

19.2-
304.5 

0.0-105.6 <d.l. <d.l. 43.9-
381.2 

29.2-
350.5 

Mean 7.2 7.8 174.1 121.4 <d.l. 10.6 55.5 <d.l. <d.l. <d.l. 30.6 41.5 

Median 7.5 7.2 213.9 141.4 <d.l. 4.9 29.5 <d.l. <d.l. <d.l. 28.0 50.6 

T
ra

ns
iti

on
 

5th--95th 
percentiles  0.7-12.3 

3.0-
13.7 

17.3-
316.1 

12.5-
218.1 

<d.l. 0.3-
25.7 

8.4-
122.6 

<d.l. <d.l. <d.l. 16.6-
59.9 

0.2-
84.8 

Mean 4.5 6.0 92.8 50.6 <d.l. 11.2 16.0 4.0 <d.l. <d.l. 9.2 50.9 

Median 4.1 5.8 76.1 49.8 <d.l. 9.4 14.1 2.3 <d.l. <d.l. 8.3 45.8 

C
oa

rs
e 

(2
 <

 d
 <

10
 µ

m
) 

W
et

 5th--95th 
percentiles  2.3-7.4 

4.1-
8.0 

51.0-
165.7 

32.5-
72.8 

<d.l. 4.6-
20.8 

7.7-
28.3 

0.0-11.4 <d.l. <d.l. 6.9-
14.4 

23.4-
95.7 

Mean  
(9 samples)       619 1470 25.1 151   

a D
at

a 
fr

om
 

G
ra

ha
m

 e
t 

al
. 

(2
00

2)
  

Min-Max       140-
1330 

 6.7-
83.4 

   

    Averaged relative abundances 

    Cl- NO3
- SO4

= MSA MCA Oxalate 
DCA 
C3-C6 TCA 

Aro- 
matic NH4

+ K+ 

    % of anionic fraction % of cationic 
fraction 

Total 0.7 6.1 60.3 0.4 4.4 10.5 11.9 1.0 4.5 63.8 33.1 

Dry  0.9 8.7 54.3 0.7 5.3 11.0 12.4 1.0 5.5 58.8 38.9 

Transition 0.2 2.7 58.8 0.2 3.3 10.5 15.1 2.1 6.8 63.5 34.2 

F
in

e 

Wet  0.8 2.9 76.0 0.0 3.1 9.2 8.1 0.0 0.0 75.7 18.5 

Total 3.8 42.0 29.0 1.1 5.4 17.2 1.4 0.0 0.0 35.9 41.4 

Dry  3.7 37.6 27.5 2.0 6.5 20.8 1.7 0.0 0.0 42.5 36.6 

Transition 1.7 46.0 32.1 0.0 4.4 15.7 0.0 0.0 0.0 44.5 35.5 

C
oa

rs
e 

Wet  5.8 49.1 30.0 0.0 3.6 9.7 1.9 0.0 0.0 12.8 58.1 

 

a The organic acid mass concentrations were measured by gas chromatography – mass spectrometry 
(GC/MS) at the same FNS pasture site during dry and transition periods, 1-29 October 1999, as a part 
of LBA experiment. 
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Table 4. Selected size resolved ion mass concentrations identified by IC in aqueous extracts
of MOUDI aerosol samples from FNS, Rondônia, Brazil, September–November 2002.

  Ion mass concentrations normalized to the size bin, ng m-3 (d C / d log Dp) 

 Cut off, 
µm 

PM,  
ng m-3 NO3

- SO4
= MCA Oxalic Malonic 

DCA 
C4-C6 

Aro- 
matic 

NH4
+ K+ 

<0.093 1265.7 0.4 43.5 4.6 6.2 0.0 6.3 0.0 20.0 7.4 

0.093 24321.6 27.7 910.9 148.5 194.7 0.0 176.2 0.0 436.1 247.3 

0.175 67917.1 376.3 2262.7 462.3 793.3 128.5 519.6 293.8 1111.8 808.2 

0.33 149221.2 1869.6 6998.6 1832.5 937.9 476.5 1426.0 842.4 2657.4 1806.6 

0.56 75356.6 887.2 3624.9 910.7 1260.1 235.2 700.8 1134.3 1163.6 775.8 

1 39116.0 444.5 1542.7 447.8 629.1 89.7 346.9 0.0 378.8 350.6 

1.8 14044.7 280.5 247.6 59.2 197.8 13.7 15.9 0.0 0.0 25.1 

3.2 19403.2 545.5 147.5 55.9 123.7 16.6 14.3 0.0 9.7 42.9 

M
R

D
O

37
 (

dr
y 

pe
rio

d)
 

10 7150.2 122.0 33.9 67.8 15.8 0.0 0.0 0.0 0.0 0.0 

<0.093 565.9 0.5 13.8 3.2 2.6 0.0 0.9 0.0 4.5 3.9 

0.093 11298.1 18.2 251.4 62.2 48.9 0.0 15.9 0.0 83.9 118.6 

0.175 19993.5 85.3 386.5 150.2 192.8 17.1 74.3 36.8 167.9 190.2 

0.33 22951.1 168.7 1005.4 190.2 247.8 31.3 176.9 62.2 348.0 295.5 

0.56 8982.5 25.2 359.8 60.5 124.7 11.0 31.9 56.4 130.5 100.0 

1 5609.7 60.6 173.9 67.4 75.3 3.4 11.5 0.0 24.0 30.8 

1.8 4753.4 128.7 47.3 8.4 35.6 0.0 0.0 0.0 0.0 19.3 

3.2 9812.4 191.8 33.0 27.4 27.8 1.6 14.3 0.0 8.3 69.5 

M
R

D
O

53
 (

tr
an

si
tio

n 
pe

rio
d)

 

10 3100.1 32.2 22.5 16.0 4.3 0.0 0.0 0.0 2.2 7.7 

<0.093 177.5 0.1 7.8 0.2 0.6 0.0 0.2 0.0 2.4 1.3 

0.093 1359.9 4.9 86.5 3.8 4.7 0.0 1.7 0.0 22.5 12.0 

0.175 2851.6 4.5 240.2 5.1 7.7 1.6 19.7 0.0 84.9 28.5 

0.33 2927.1 7.1 303.9 5.7 9.7 1.2 17.8 0.0 100.2 32.3 

0.56 1703.4 5.5 150.3 1.7 8.5 0.0 4.1 0.0 44.0 16.0 

1 1527.0 17.8 43.8 3.8 12.1 0.0 2.2 0.0 10.4 8.2 

1.8 3402.7 48.0 29.3 5.2 13.4 0.0 5.4 0.0 6.1 19.8 

3.2 1514.9 66.5 21.4 13.2 10.8 0.0 11.0 0.0 3.0 45.1 

M
R

D
O

60
b 

(w
et

 p
er

io
d)

 

10 1710.2 14.1 8.1 3.7 3.1 0.0 0.0 0.0 0.6 4.1 
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Table 5. Back-to-front filter ratio (%) determined by IC for aqueous extracts of HiVol aerosol
samples from FNS, Brazil, 2002 (estimates the positive artifact due to adsorption of gaseous
compounds by filters).

NH+
4 K+ NO−

3 SO−−
4 Glycolate; Formate MSA Oxalate Malonate DCA Vanillate;

Glycerate; C4-Ca
6 4-hydroxy-

Acetiate; benzoatea

Lactatea

Mean±SD (%) 1.9±1.4 1.6±1.6 9.6±8.4 5.9±3.4 30±22 25±16 16±14 6.6±5.0 7.1±6.6 5.1±4.0 3.0±3.0
a Due to problematic separation, peaks are integrated as a group peak.
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Table 6. Recent studies of low molecular weight DCA in biomass burning aerosols.

Region DCA Analytical Oxalic Sum of all DCA References
identified method µg m−3 µg m−3

Amazon basin, 2002 C2-C6, IC range: 0.033–2.5 this work
including branched, 0.022–1.34
keto- and
hydroxyacids

Amazon basin, 1992 C2 IC in different Allen and Miguel (1995)
vegetation
types:
0.3–28.8

Central Africa, 1996 C2 IC 0.05–1.17 Ruellan et al. (1999)

Indonesian forest, 1997 C2-C12 GC/MS – 0.087–3.8 Narukawa et al. (1999)

South African savanna, 1997 C2 IC 0.18 Puxbaum et al. (2000)

Arabian Sea, 1999 C2 GC/MS 0.18 Neususs et al. (2002)

Amazon basin, 1999 C2-C6, oxalic-IC; range: 1.47 Graham et al. (2002)
including branched, rest-GC/MS 0.14–1.33
keto- and
hydroxyacids

ACE-Asia, 2001 C2-C5 GC/MS 0.12–0.63 0.16–0.90 Mader et al. (2004)
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Figure 1. Mass concentrations of the five major ions in the fine size fraction of SFU 

aerosol samples collected at FNS, Rondônia, Brazil, September – November, 2002. The 

dashed line is the fine particle mass concentration (FPM). 

Fig. 1. Mass concentrations of the five major ions in the fine size fraction of SFU aerosol
samples collected at FNS, Rondônia, Brazil, September–November 2002. The dashed line is
the fine particle mass concentration (FPM).
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Figure 2. Relative abundances of anions in the SFU fine mode anionic fraction. Fig. 2. Relative abundances of anions in the SFU fine mode anionic fraction.
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Figure 3. Ionic mass fractiona in the fine and coarse size fractions of SFU samples collected at 

FNS, Rondônia, September – November, 2002. For ion concentration range refer to Table 3. 
aFor presentation purposes, MSA and TCA accounting together for about 0.25% of FPM in the dry and transition 
periods and Cl- accounting for about 0.2% of particulate mass in each fraction for each period are not shown. 
 

14
-S

ep

15
-S

ep

17
-S

ep

18
-S

ep

19
-S

ep

23
-S

ep

25
-S

ep

3-
O

ct

4-
O

ct

16
-O

ct

18
-O

ct

24
-O

ct

26
-O

ct

1-
N

ov

3-
N

ov

6-
N

ov

10
-N

ov

0.0

0.2

0.4

0.6

0.8

1.0

1.2

K+ /N
H 4+

 

 

Date

av.=0.7±0.2

av.=0.25±0.05

DRY TRANSITION WET

Figure 4. Potassium-to-ammonium ratio in SFU fine size fractions. 

Fig. 3. Ionic mass fraction in the fine and coarse size fractions of SFU samples collected at
FNS, Rondônia, September–November 2002. For ion concentration range refer to Table 3. For
presentation purposes, MSA and TCA accounting together for about 0.25% of FPM in the dry
and transition periods and Cl− accounting for about 0.2% of particulate mass in each fraction
for each period are not shown.
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Figure 3. Ionic mass fractiona in the fine and coarse size fractions of SFU samples collected at 

FNS, Rondônia, September – November, 2002. For ion concentration range refer to Table 3. 
aFor presentation purposes, MSA and TCA accounting together for about 0.25% of FPM in the dry and transition 
periods and Cl- accounting for about 0.2% of particulate mass in each fraction for each period are not shown. 
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Figure 4. Potassium-to-ammonium ratio in SFU fine size fractions. 
Fig. 4. Potassium-to-ammonium ratio in SFU fine size fractions.
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Fig. 5. Comparison between Sulfur (a) and Potassium (b) mass concentrations measured by
PIXE and by ion chromatography in samples collected in FNS, Rondônia, Brazil, 2002.
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Figure 5. Comparison between Sulfur (a) and Potassium (b) mass concentrations measured by 

PIXE and by ion chromatography in samples collected in FNS, Rondônia,  Brazil, 2002. 
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Figure 5. Comparison between Sulfur (a) and Potassium (b) mass concentrations measured by 

PIXE and by ion chromatography in samples collected in FNS, Rondônia,  Brazil, 2002. 
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Fig. 6. Normalized size concentrations of ionic species as a function of the particle aerody-
namic diameter in MOUDI samples collected in FNS, Rondônia, Brazil, 2002: (a) MDRO37; (b)
MDRO39; (c) MDRO40; (d) MDRO53; (e) MDRO54; (f) MDRO60b.
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Figure 6. Normalized size concentrations of ionic species as a function of the particle 

aerodynamic diameter in MOUDI samples collected in FNS, Rondônia, Brazil, 2002: (a) 

MDRO37; (b) MDRO39; (c) MDRO40; (d) MDRO53; (e) MDRO54; (f) MDRO60b. 

 

(e)

 27

0.1 1 10
0.0

0.2

0.4

0.6

18-20 October -
transition period

 

 

 PM
 NH+

4

 K+

 SO--
4

 NO-
3

 MCA.

 Oxalate.

 DCA C3-C6

 Aromatic

Dp (µm)

∆C
/( 

C
to

ta
l d

 lo
g 

D
p)

 
e) 

0.1 1 10
0.0

0.2

0.4

0.6

0.8
6-10 November -
wet period

 

 

 

 PM
 NH+

4

 K+

 SO--
4

 NO-
3

 MCA.

 Oxalate.

 DCA C3-C6

 PO---
4

∆C
/( 

C
to

ta
l d

 lo
g 

D
p)

Dp (µm)

 
f) 
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aerodynamic diameter in MOUDI samples collected in FNS, Rondônia, Brazil, 2002: (a) 
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Fig. 6. Continued.
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(a)

(b)

Fig. 7. Ionic mass fraction as a function of the particle aerodinamic diameter in MOUDI samples
collected in FNS, Rondônia, Brazil, 2002: (a) MDRO37; (b) MDRO60b.
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Figure 8. Dendrogram of the cluster analysis showing the grouping of species with similar 

characteristic for dry and transition periods. 
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Fig. 8. Dendrogram of the cluster analysis showing the grouping of species with similar char-
acteristic for dry and transition periods.
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