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Abstract. Particles from biomass burning and regional hazeshifts to larger aerosols sizes as the aerosol population ages
were sampled in Rorihia, Brazil, during dry, transition and and mixes with other aerosol types in the atmosphere.

wet periods from September to November 2002, as part of
the LBA-SMOCC (Large-Scale Biosphere-Atmosphere Ex-
periment in Amazonia — Smoke, Aerosols, Clouds, Rainfall, 1
and Climate) field campaign. Water soluble organic and in-
organic compounds in bulk (High Volume and Stacked Filter There is a recent consensus that water soluble organic car-
Unit sampler) and size-resolved (Micro Orifice Uniform De- pon (WSOC) compounds in atmospheric particles may play
posit Impactor — MOUDI) smoke samples were determineda significant role in the formation of cloud condensation nu-
by ion chromatography. It was found that low molecular ¢jej (CCN) (Laaksonen et al., 1998: Yu, 2000; Charlson

weight polar organic acids account for a significant frac- g al., 2001; Nenes et al., 2002). As cloud condensation
tion of the water soluble organic carbon (WSOC) in biomassyyclej (CCN) are directly responsible for modulating cloud

burning aerosols (£Cs dicarboxylic acids reached up to icrophysical properties and for influencing cloud radiative
3.7% and one-ring aromatic acids reached up to 2% of ﬁn“-‘properties, understanding the origin and nature of WSOC-
fraction WSOC during burning period). Short dicarboxylic ¢ontaining aerosol activity has taken on new importance
(C2-Co) acids are dominated by oxalic acid followed by mal- (kaufman and Fraser, 1997; Ramanathan et al., 2001; Kauf-
onic and succinic acids. The largest ionic species is ammomgn et al., 2002: Roberts et al., 2003). This work is a part of
nium sulfate (60—70% of ionic mass). It was found that mostgyocc (Smoke Aerosols, Clouds, Rainfall and Climate), a
of the ionic mass is concentrated in submicrometer-sized Pafproject under the framework of the Large-Scale Atmosphere-
ticles. Based on the size distribution and correlations WithBiosphere Experiment in Amazonia (LBA), aiming at in-
K*, a known biomass burning tracer, it is suggested that,estigating the connection between the concentration and
many of the organic acids are directly emitted by vegetationchemical composition of biomass burning aerosols, resul-
fires. .Concentr_ations of dicarboxylic acids in thg front and {5t changes in the effective radii of cloud droplets, and the
back filters of high volume sampler were determined. Based:|imatic consequences of the resulting perturbation of cloud
on these measurements, it was concluded that in the neutrghysics. A comprehensive description and discussion of the

or slightly basic smoke particles typical of this region, dicar- gMocc campaign and results appear in a special issue of
boxylic acids are mostly confined to the particulate phase. Fi-acp, of which this article is part.

nally, itis shown that the distribution of water soluble species  ne of the major global sources for WSOC-containing
aerosol is biomass burning, wherein WSOC components
Correspondence toY. Rudich have been found to account for 45-75% of the total aerosol
(yinon.rudich@weizmann.ac.il) carbon mass (Graham et al., 2002; Mayol-Bracero et al.,
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2002). As carbonaceous material constitutes as much as 7Gstudy), Mayol-Bracero et al. (2002) employed an anion ex-
90% of the total aerosol mass (Cachier et al., 1995; Andreaehange HPLC/IC technique (Decesari et al., 2000) to sep-
and Crutzen, 1997; Yamasoe et al., 2000), it is clear that therate WSOCs into three compound classes: neutral, mono-
amount of WSOC emitted to the atmosphere due to biomasand dicarboxylic acids, and polycarboxylic acids. They
burning is globally important. The WSOC in biomass burn- found that the acid fractions represented about 51% of the
ing particles contributes to their CCN activity, and hence toWSOC fraction, but did not further speciate the compounds.
their global climatic effects (Sherwood, 2002; Andreae etin a companion paper (Graham et al., 2002), levoglucosan
al., 2004). WSOC derived from smoke aerosols may alsowvas reported to account for 1-6% of total carbon, and 2—
participate in aqueous phase chemical reactions occurring ii% of WSOC. Altogether, Graham et al. (2002) identified by
droplets nucleated by smoke particles. GC/MS between 9 to 14% of the WSOC fraction, including a
The organic components of biomass burning aerosols conaumber of aliphatic di- and tricarboxylic acids, aliphatic oxo-
sist of a complex mixture of compounds reflecting a wide /hydroxyacids, and aromatic compounds. The simple di- and
range of molecular structures, physical properties and chemtricarboxylic aliphatic acids were found to make up about 1—
ical reactivities (Andreae and Merlet, 2001). Although a 2% of the WSOC, on average, with oxalic acid being most
few recent studies have concentrated on identification ancébundant, followed by malonic and succinic acids. Compo-
quantification of water soluble components of smoke parti-nents in the other compound classes were, in general, even
cles (Graham et al., 2002; Mayol-Bracero et al., 2002; Gadess abundant. For aerosols from the 1997 Indonesian for-
et al., 2003), typically less than 10% by mass of WSOCsest fires, Narukawa et al. (1999) also reported a homologous
has been identified successfully (Graham et al., 2002; Gaaeries of dicarboxylic acids, dominated by oxalic acid, and
et al., 2003). Most previous studies concentrated on charadollowed in abundance by malonic and succinic acid. In their
terizing bulk samples collected during biomass burning ac-work, these dicarboxylic fractions represented 2—8% of the
tivity. Data about the distribution of WSOC in the different WSOC. None of these papers report relative distributions of
particle sizes, and the changes in that distribution occurringhese compounds as a function of aerosol size, season, or
during the transition from the dry (biomass burning) seasonday/night interval.
to the wet (background clean conditions) season are scarce.
The water soluble organic species include both highly dis-
sociated species, such as organic acids and salts, as well as
weaker acids and humic-like species, which are less ionized
and can be surface active (Hoffer et al., 2004). There are
also soluble, non ionic species such as anhydrous sugars (Si- Considering the foregoing, it is evident that more compre-
moneit et al., 1999; Simoneit, 2002). In this study, we fo- hensive datasets involving chemical characterization of the
cus on characterizing temporal changes in the concentratiolVSOC fraction of biomass burning aerosols are needed. In
and size distribution of the highly dissociated, low molecu- particular, it is essential to characterize changes in WSOC
lar weight (LMW) organic acids that are found in relatively composition with seasonal changes in biomass burning, and
fresh plumes of smoke particles from vegetation burning indifferences in WSOC components as a function of aerosol
Brazil. size. Considering its importance, this study concentrates on
Gao et al. (2003) measured WSOC concentrations irthe ionic WSOC chemical composition of biomass burning
biomass burning particles collected from savanna fires inaerosols collected day and night throughout a ten-week in-
southern Africa, reporting abundances of 7 organic acidgerval from the peak of the 2002 dry (biomass burning) sea-
measured in their anionic form by ion chromatography, in- son into the following wet season in Rdita, Brazil, with
cluding acetate, formate, oxalate, malonate, succinate, gluparticular attention to chemical differences between size-
tarate and gluconate. Seven carbohydrates were also quaresolved aerosol samples. It is hoped that such detailed
tified by electrospray ionization-ion trap mass spectrometrydata, besides helping to elucidate the potential CCN activ-
coupled with ion exclusion chromatography with pulsed am-ity played by such aerosols, will provide essential input for
perometric detection. In general, the organic acids measuredlimate models that aim to evaluate large scale meteorolog-
represented less than 5% of the total aerosol mass, while thieal and climatological effects of biomass burning. Recent
carbohydrate mass fraction varied from about 15% to onlydetailed analysis of the gas phase precursors and gas/aerosol
a few percent. The most abundant organic acid found inpartitioning processes have shown that LMW polar organic
the study was tentatively identified as gluconic acid (aver-acids should be incorporated in thermodynamic models to
age mass fraction 0.0045), with the other mono- and dicaraccurately predict inorganic aerosol composition (Trebs et
boxylic acids making even smaller contributions. Levoglu- al., 2005). Detailed chemical characterization of the ionic
cosan, while reported to be the most abundant carbohydraté/SOC fraction can also provide the basis for thermody-
with an average mass fraction of 0.033, was present only durnamic models describing water uptake by aerosol particles
ing the smoldering phases. For samples collected in Octoin haze and cloudy conditions, thus shedding light on smoke
ber 1999 in Brazil (at the same site as used in the currenaerosol effect on climate.
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2 Experimental loaded filters were placed immediately in clean plastic Petris-
_ lide dishes (for SFU and MOUDI samples) or in prebaked
2.1 Sampling aluminum foil (for the HiVol samples) and stored-a25°C

until analysis. Filter blanks were obtained using the same

Smoke particles were sampled in the state of Rom&  |5ading and unloading procedure as for normal filters but
Brazil, at a pasture site (Fazenda Nossa Senhora Apareciqgith a sampling time of only 15s.

(FNS); 104550" S, 6221'36" W, 284 m above sea level),
from 8 September to 11 November 2002, as a part2 2 Possible sampling artifacts
of the LBA-SMOCC (Large-Scale Biosphere-Atmosphere
Experiment in Amazonia — Smoke, Aerosols, Clouds, Rain-wWhen sampling for OC and WSOC on a quartz fiber filter,
fall, and Climate) campaign. According to meteorological the following positive artifacts may occur: (1) Adsorption
conditions, the sampling period is subdivided into dry (in- of volatile organic compounds (VOCs) by the filter and ac-
tense burning; 8 September to 7 October), transition (8 Occumulated aerosol particles, (2) adsorption of the gas-phase
tober to 29 October) and wet (30 October to 11 November)component of semi-volatile organic compounds (SVOCs) by
periods. A detailed description of the site is given in Kirkman the filter and by accumulated aerosol particles. A possible
etal. (2002). Aerosol samples were obtained from regionallynegative artifact (3) may be evaporation/sublimation of par-
emitted biomass burning plumes for periods of time rangingticulate organic compounds collected on the filter.
from 12 to 72 h per sample (Depending on aerosol loadings. |n undenuded sampling with a front and back filter, the
Sampling times are similar for all samplers), using two filter particulate-phase OC is normally obtained by subtracting OC
samplers and one cascade impactor: on the back filter from that on the front filter. A number
) . of assumptions are made when doing this correction: (1)
— Stacked Filter Unit (SFU) sampler that separates coarsgnassffilter area amount of each VOC and SVOC adsorbed
(10>d>2.0um, whered is aerodynamic diameter) and  from the gas phase is equal for front and backup filters; (2)
fine particles { <2.0um) by sequential filtration on 8.0 the gas adsorption capacity of the front and backup filter are
and 0.4um pore-size Nuclepore® polycarbonate filters gqual; and (3) SVOCs observed on the backup filter do not
(Whatman, 47 mm diameter), with a flow rate of 10— gerive from evaporation of particles collected on the front fil-
15 I/min. ter (Mader et al., 2003). When dealing with artifacts for indi-
vidual compounds, the above mentioned positive artifact (2)
and the negative artifact (3) still exist, but (1) does not. It is
possible to use back-to-front filter ratios to evaluate sampling
artifacts and to assess the semivolatility of species (Novakov
et al., 1997; Turpin et al., 2000; Limbeck et al., 2001).
When sampling on a Nuclepore substrate, as for the SFU
sampler and MOUDI impactor, positive artifacts are re-

at 550C). The use of a tandem filter system allows flhuced tlo gasbphase a(:ﬁorptlt())nt b3{ col(ljectebd aerk;)stol |:t)_a1|t|c:es
estimating possible artifacts in particulate organic mat- emselves, because he substrate adsorbs substantially 1€ss

ter determination due to adsorption of gaseous organic}han quartz fib_er filter. A negative artifact due to evapo-
compounds by filters (Novakov et al., 1997 Turpin et rat|on/sqbl|mat|on may still exist for the SFQ sgmpler and
al., 2000). It is assumed that the front quartz filter col- MOUDI impactor due to the lower pressures inside the sam-
lects aerosol particles with close to 100% efficiency, fr:ir?eituﬁ?se(I)?V;z?';:;?aqczsﬁwgggre(vs&)lnma;ggs;aernignmt;nggfilr:lg
while gaseous organics adsorb on both filters evenly. the INTERCOMP2000 intercomparison experiment (Hitzen-
— Micro Orifice Uniform Deposit Impactor (MOUDI) berger et al., 2004), concentrations obtained by SFU with
(model 110, MSP Corporation, Minneapolis, USA) was Nuclepore substrate and by MOUDI impactor do not deviate
employed for collection of size-resolved smoke parti- Significantly from the average of concentrations obtained by
cles, flow rate of 25-30 I/min. Aerosols were separatednumerous different methods.
into 9 fractions with calibrated aerodynamic cutoffs of ~ Considering the foregoing, it can be expected that concen-
18, 10.0, 3.2, 1.8, 1.0, 0.56, 0.33, 0.175 and 0,088 trations obtained from the quartz fiber HiVol samples will be
Sampling was carried out on Nuclepore® polycarbonateoverestimated relative to those obtained from the SFU and
(Whatman) filters with 47 mm diameter, and a Teflon MOUDI samples collected on Nuclepore, as was also found
back-up filter was used for collection of the particles by Salma et al. (2004). In such a case, the back-to-front filter
<0.093um. ratios of the HiVol samples can be used to assess the extent
of overestimation, and species volatility. A detailed inter-
Flow rates and sampling volumes were determined by Hasteomparison between the different sampling instrumentation
ings mass flowmeters for the SFU and MOUDI samples. Thedeployed in the SMOCC field campaign is beyond the scope

— High Volume (HiVol) dichotomous sampler that
separates fine d2.5um) from coarse particles
(d>2.5um) with a flow rate of 300I/min for the fine
fraction and 30I/min for the coarse fraction. For
both size fractions, the particles were collected on a
front/back tandem system of quartz fiber filters (102 mm
diameter, Pallflex®, Pall Corporation; prebaked for 24 h
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Table 1. Elution gradient used for anion chromatography. 2.5 Sample preparation

Time (min) water 0.4 mMNaOH 25 mM NaOH Aqueous aerosol extracts were prepared by shaking a portion
of the loaded filters vigorously for 15 min in Nanopure water

Initial 80 20 0 (18.0 MQ-cm) in capped glass vials. Sample solutions were
g'g go fgo 8 left for an hour in the dark and then were filtered with pre-
1;1 0 0 43 57 washed GHP Acrodisk® (Gelman, 0.45) syringe filters.
17'0 0 33 67 A whole MOUDI filter or a half of SFU filter were extracted
17:1 0 0 100 once with 4 ml of water; a quarter of a HiVol filter was ex-
23.0 0 0 100 tracted twice with 5 ml portions of water.

2.6 lon chromatography conditions

of this paper and will be discussed in other papers of the ACP h€ IC analysis was carried out using a Varian ProStar HPLC
SMOCC special issue (Maenhaut et al., 2004; Claeys et al System equipped with a Dionex ED50 electrochemical de-

2005 Schkolnik et al., 2005; Trebs et al., 2005; Decesari ett€ctor at isothermal (2€) conditions. Anions were deter-
al., 20053, b3). mined using a Dionex AS11 analytical column and ASRS-

Ultra suppressor in autosuppression mode. For simultane-
ous separation of inorganic and short-chain-({g) organic
anions, gradient elution by 0.4-25mM NaOH (2 mL/min)
) L . . . was employed (Table 1). Cations were determined using a
Inorganic and organic ionic species were quantified by IONpionex CS12 column and CSRS-Ultra suppressor in auto-
chromatography after extraction of filters with water. The suppression mode with 20 mM methanesulfonic acid (MSA)
ext.raction and analytical procedures have been thoroughly,c 2 eluent (Lml mint). All ions were quantified against
validated (Falkovich et al., 2004). standard calibration curves. Concentration data are given as
mass concentrations in air corrected to standard temperature
2.4 Materials and pressure, STP (298K, 1000hPa). The analyzed ionic
species are listed in Table 2. Since all organic acids listed
The following chemicals and standards were used: (1)in Table 2 have been measured as their anionic forms, when
Sodium hydroxide 50% (w/w) solution, J. T. Baker, Phillips- discussing organic acids we refer to their anionic mass con-
burg, NJ, USA; (2) Anionen multi-element standard '(F  centrations.

PO, and Br, 1000mg/l), Anionen multi-element stan- | this study, 34 SFU samples (19 from the dry period, 7
dard Il (CI~, NO3, S(fl‘, 1000 mg/l), Nitrite standard so- from the transition and 8 from the wet period) and 22 Hivol
lution (NO,, 1000 mg/l) and Sodium iodide GR (99.5%), samples (16 from the dry period, 5 from the transition and
Merck, Darmstadt, Germany; (3) Six Cation — Il Standard, 1 from the wet period) were analyzed. Selected MOUDI
Dionex, Sunnyvale, CA; (4) Organic acid and anion stan-samples (nine filter membranes each) were analyzed in this
dards, Riedel-de Haen, Seelze, Germany, Fluka Chemiestudy: three MOUDI samples collected during the dry pe-
Switzerland, Sigma-Aldrich Chemie Gmbh, Steinheim, Ger-riod: MDRO37 (23 September), MDRO39 (25 September)
many, and Supelco, Bellefonte, PA. and MDRO40 (28 September), about 24 h sampling interval
for each; two MOUDI samples collected during the transition
1Claeys, M., Pashynska, V., Kourtchev, I, Vermeylen, R., period: MDRO53 (16-18 October, 38 h) and MDRO54 (18—
Cafmeyer, J., Artaxo, P., and Maenhaut, W.: Levoglucosan and se20 October, 44h); and one MOUDI sample collected dur-
lected polar organic compounds in boundary layer aerosols durindnd the wet period: MDRO60b (6—10 November, 99 h). Itis
the LBA/CLAIRE/SMOCC-2002 campaign, in preparation, 2005. noted that while rain was very rare during the dry period, a
2Decesari, S., Fuzzi, S., Maenhaut, W., Tagliavini, E., 20 mm rain period occurred on the morning of 28 September
Falkovich, A. H., Schkolnik, G., Rudich, Y., Guyon, P., Claeys, (during the MDRO40 sampling).
M., and Artaxo, P.: Apportionment of particulate OC into individ-

ual compounds and chemical classes in carbonaceous aerosol saB  aerosol mass concentration (Particulate Mass — PM)

ples _co_llected dur!ng the dry-to-wet season transition in Rara] and Water Soluble Organic Carbon (WSOC) determi-
Brazil, in preparation, 2005a. nation

3Decesari, S., Fuzzi, S., Maenhaut, W., Tagliavini, E.,
Falkovich, A. H., Rudich, Y., Guyon, P., Mayol-Bracero, O., Fisch,
G., Claeys, M., and Artaxo, P.: Inorganic and organic compositionOrganic carbon, elemental carbon and water-soluble organic
of size-segregated aerosols in the dry-to-wet season transition, igarbon (WSOC) in the aerosol were determined by the
preparation, 2005b. Department of Analytical Chemistry, Institute for Nuclear

2.3 lon chromatography (IC) analysis

Atmos. Chem. Phys., 5, 78197, 2005 www.atmos-chem-phys.org/acp/5/781/



A. H. Falkovich et al.: Low molecular weight organic acids in smoke aerosol 785

Table 2. Organic and inorganic ions determined by ion chromatography in smoke samples.

. cations N&, NH, K+, Mg*t+, catt
Inorganic 4
aniond CI=,NOy, NO3, SC;~, PG, CH3SO; (MSA)
monocarboxylic (MCA) formic, acetic, glycolic, glyceric, lactic,
pyruvic, glyoxylic, valeric, trichloracetic, threonic
dicarboxylic (DCA) oxalic, maloni, hydroxymalonic, methylmalonic, maleic,
Anions of organic acids malic, succinic, methylsuccinic, dihydroxysuccinic, glutaric,
adipic, 2-hydroxyglutaric, tartaric, fumaric, azelaic
tricarboxylic (TCA) citric, tricarballylic
aromatic phthalic, syringic, 3-hydroxybenzoic, 4-hydroxybenzoic, vanillic, isovanillic

a CO%‘ 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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Fig. 1. Mass concentrations of the five major ions in the fine size fraction of SFU aerosol samples collected at FN&jaR&mdzil,
September—November, 2002. The dashed line is the fine particle mass concentration (FPM).

Sciences, Ghent University. The detailed technique is pubreported. The air volume through the filters was measured
lished elsewhere (Chi and Maenhaut, 2805 using precision mass flowmeters.
Aerosol mass concentrations were determined for each
size bin using the SFU and MOUDI samples. It was mea-
sured gravimetrically in a Mettler electronic microbalance 3 Results
with 1 microgram sensitivity. Before weighing, the Nucle- _ o
pore filters were left for 24 h under radioactive sources for"? general, thTOUQhO_Ut the entire sampling |_nterval, F_’Otas'
static electricity removal, and under a constant temperaturec"u_m' ammonium, nitrate, sulfate anc-Ce dicarboxylic
of 18°C and 50% relative humidity. Each filter was weighed aC'F’S (DCA) accountgd for more than 92% of the total
3 times on different days, and the average of the three massc%gn'_c mass concentrgtlon qf the.smoke parpcles. The fol-
owing results and discussion will focus mainly on tempo-
4Chi, X. and Maenhaut, W.: Organic carbon, elemental carbonf@l changes in concentrations of the ions and on their size
and water-soluble organic carbon in the PM2.5 aerosol at differendistributions, with emphasis on theCs DCA (including
sampling sites, Atmos. Chem. Phys. Discuss., in preparation, 2005straight-chain, branched, keto- and hydroxyl- derivatives, as

www.atmos-chem-phys.org/acp/5/781/ Atmos. Chem. Phys., 5,78812005
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Table 3. Selected particulate mass concentratigng 7—>) and ionic mass concentrations (ng # identified by IC in aqueous extracts of

SFU aerosol samples from FNS, Brazil, 2002.
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lon mass concentrations, ng m*

PM,
-3 - . ) DCA Aro- |
kgm cl NO; SO/ MSA MCA  Oxalate TCA - NHS K
CyCq matic
Mean 617 1355 4335 24416 40.5 1386 5156 566.3 529 273.1 | 1368.1  829.7
Median 58.0 1240 2592 24019 437 93.0 5057 536.3 15.1 186.4 | 12841  784.5
& | 5" - 95" | 181- 298- 0.0- T249- 00 ose 229- 922- 139.0- 0.0- 40.7- | 436- 284.6-
S | percentiles | 1037 | 2919 13024  4074.8 R 4126 9318 1026.2 148.6 600.5 | 3039.5  1286.0
Mean 155 278 507 10652 124 278 1773 295.1 389 1372 | 5125 287.5
|
g | Median 181 288 29.0 11296 129 26.7 186.9 272.6 304 1368 1 461.1 3184
£ !
Z |5 - osh | 37 9.3- 6.6- 3579- 8.4- 65.9- 12.6- 26 | 1239- 502
£ | percentiles | 258 449 108.7 18047 00232 460 2653 0365142 41 2400 | 8869  500.1
Mean 4.0 9.5 10.8 3046  <dl 5.2 36.7 339 <dl. <dl | 1771 424
g Median 39 8.3 9.4 320.1 <dl. 6.0 36.7 314 <dl. <dl 11833 411
(o] i
\4 |
S g | 5" - o5t 6.8- 6.7- 203.0- 2.5- 23.0- 1 118.2- 315-
£ 2 | percentiles | >4 | 153 17.1 396.3 <dl. 6.7 51.6 147610 <dl. <ALt 97 573
Mean 165 370 3519 2855 0.8 80.3 162.2 19.7 <dl. <dl | 1536 1274
Median 15.4 383 2859 305.1 <dl 30.4 169.5 <d.l <dl <dl 11306 904
5. 95" | 8.7- 129-  1383- 13.5- 6.1- 19.2- ! 439 29.2-
& | percentiles | 28.4 556 6745  s3g 0013 2638 3045 0.0-1056  <d.. <dLovsg1n 3505
Mean 7.2 7.8 174.1 1214  <dl 106 555 <dl. <dl. <dlL 1 306 415
g | Median 75 72 213.9 1414 <dl 49 295 <dl. <dl. <dl | 280 50.6
_ E s gs 0.7- 3.0- 17.3- 12.5- 0.3- 8.4- D166 0.2-
E & | percentiles | 123 137 3161 2181 4k 257 1226 <dl. <d.1. <dL 59 84.8
S
Z Mean 45 6.0 92.8 50.6 <dl. 112 16.0 4.0 <dl. <dlL |92 50.9
|
4 Median 41 5.8 76.1 498 <dl. 9.4 14.1 23 <dl. <dl | 83 458
Pt |
£ o | s™ - 9t 4.1- 51.0- 325- 4.6- ! 6.9- 23.4-
g - - - I
E 2 | percentiles | 274 | 80 1657 728 <dl. 208 7283 0014 <dl <AL g 95.7
E —
& Bl Mean (9 619 1470 25.1 151
3 samples)
£
S L 140- 6.7-
£5¢ Min-Max 1330 834
2858
Averaged relative abundances
" R 2 DCA Aro- | N "
Cl NO;3 SO, MSA MCA Oxalate Co-Co TCA matic | NHa K
%% of cationi
% of anionic fraction ! % (;fua_nomc
! raction
Total 0.7 6.1 603 0.4 44 10.5 119 1.0 45 1638 33.1
Dry 0.9 8.7 543 0.7 53 11.0 124 1.0 55 | 588 389
. | Transition 0.2 2.7 58.8 0.2 33 10.5 15.1 2.1 68 1635 342
£ !
| wet 0.8 2.9 76.0 0.0 3.1 9.2 8.1 0.0 0.0 | 757 18.5
Total 38 420 29.0 1.1 54 17.2 1.4 0.0 00 1359 414
Dry 37 376 275 2.0 6.5 20.8 1.7 0.0 00 | 425 36.6
g Transition 1.7 46.0 32.1 0.0 44 15.7 0.0 0.0 00 | 445 355
3 |
O | Wet 58 49.1 30.0 0.0 3.6 9.7 1.9 0.0 00 | 128 58.1

@ The organic acid mass concentrations were measured by gas chromatography — mass spectrometry (GC/MS) at the same FNS pasture si

during dry and transition periods, 1-29 October 1999, as a part of LBA experiment.

listed in Table 2). The results are presented according to th8.1 Stacked filter unit (SFU) data

sampling devices. Additional information on the inorganic
and organic — both ionic and neutral — composition of bulk The concentrations of particulate mass (PM) ranged from
and size-resolved aerosols sampled during the burning pez 7 to 148.1.g m=2 for the fine size fraction (FPM) and
riod and dry'tO'Wet season transition appears in further pUbfrom 0.5 to 311&9 m*3 for the coarse size fraction (See
lications related to the SMOCC campaign (Maenhaut et al..Table 3 for detailed data). The highest FPM concentra-
2004; Claeys et al., 2085Schkolnik et al., 2005; Trebs et tions were measured during the dry period, when biomass
al., 2005; Decesari et al., 2005&"%). burning emissions were most intense. In the transition and
wet periods, FPM concentrations were considerably smaller.
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Fig. 3. lonic mass fractiofin the fine and coarse size fractions of
Fig. 2. Relative abundances of anions in the SFU fine mode anionicSFY samples collected at FNS, Ranih, September—November,
fraction. 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 CI

The temporal variations in FPM concentration are shown Inaccountlr_lg for about 0.2% of particulate mass in each fraction for
each period are not shown.

Fig. 1. Throughout the sampling interval, mass concentra-
tions of the five major ions (potassium, ammonium, nitrate,

sulfate and oxalate) followed similar temporal trends to the ; ;

FPM (Fig. 1). 121 DRY ¢ iTRANSTON: WET
The mass concentrations and relative abundances (%) of 10+ I |

ions determined in the SFU samples are given in Table 3. o, . :

Temporal variations in the relative abundances of nitrate, sul- ~ **] 0702 . E E

fate, G to G DCA (lumped together) and oxalate in the 2 064 " * N o

fine anionic fraction are shown in Fig. 2. The mean total ., Loe !

ionic mass fractions for the dry, transition and wet periods 41 . T : ot

were 11.4%, 18.2% and 16.2% respectively of the fine par- oal . \ . av=025:005

ticle mass and 8.8%, 7.8% and 6.9% of the coarse particle R e

mass (Fig. 3). The anionic fraction of fine smoke particles oo : '

consists mostly of sulfate (average about 60%) followed by

C,-Cs DCA (average about 22.5%, with oxalate accounting

for about half of it). The nitrate average relative abundance Date

was only about 6%. The average relative abundance of nitrate

was not substantially greater than that of the aromatic acid$ig. 4. Potassium-to-ammonium ratio in SFU fine size fractions.

and monocarboxylic acids (MCA), while the average relative

abundance of tricarboxylic acids (TCA) reached about 1%.

The cationic fraction is dominated by ammonium60%)  period samples, the relative abundances of MCA and (to a

and K" (>30%; not shown). The K to NHZr mass ratio  lesser extent) DCA decreased, TCA and aromatic acids were

in the fine size fraction decreased from-Ad.2 in the dry  absent, and sulfate and ammonium became more dominant,

period to 0.25-0.05 in the wet period (Fig. 4), presumably particularly in the fine fraction.

reflecting the decrease in fresh biomass burning emissions, lon concentrations of sulfate and potassium in the fine

and mixing with different aerosol types. It is noted, though, fraction measured by IC were compared with their elemen-

that realtime inorganic composition measurements differedal concentrations measured by IFUSP (Institute of Physics,

somewhat from the filter results (Trebs et al., 2004). An inter-University of Sio Paulo) by particle-induced X-ray emission

comparison of different samplers’ performances and result§PIXE) for the same samples, for data quality assurance. Fig-

will be discussed in a subsequent paper. ure 5 shows a very good correlation between the cation and
Interestingly, while the total ionic mass fraction in the dry, anion chromatography results and the PIXE data, corroborat-

transition and wet periods did not differ much, the composi-ing the ion chromatography results.

tion of both anionic and cationic fractions was substantially Dicarboxylic G-Cg acids made up 2.0% (SD=1.1%; max-

different in the wet period (Table 3; Figs. 2 and 3). In wet imum=3.7%) and one-ring aromatic acids made up 0.8%

12/09/2004
16/09/2004
20/09/2004
24/09/2004 <
28/09/2004
02/10/2004
06/10/2004
10/10/2004
14/10/2004
18/10/2004
22/10/2004
26/10/2004
30/10/2004
03/11/2004
07/11/2004
11/11/2004
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Fig. 5. Comparison between Potassia) and Sulfur(b) mass concentrations measured by PIXE and by ion chromatography in samples
collected in FNS, Ronthia, Brazil, 2002.

Table 4. Selected size resolved ion mass concentrations identified by IC in aqueous extracts of MOUDI aerosol samples from BNi§, Rond
Brazil, September—November, 2002.

lon mass concentrations normalized to the size bin, ng m= (d C/ d log Dp)

PM, |
El:rl::]t off, ng m? NOy SO2 MCA Oxalic ~ Malonic &C_’és Qgii'c i NH,* K*
<0.093 1265.7 0.4 435 4.6 6.2 0.0 6.3 0.0 i 20.0 7.4
0.093 24321.6 27.7 910.9 148.5 194.7 0.0 176.2 0.0 i 436.1 2473
0.175 67917.1 376.3 2262.7 462.3 793.3 128.5 519.6 293.8 § 1111.8 808.2
| 033 149221.2 1869.6 6998.6 1832.5 937.9 476.5 1426.0 842.4 3 2657.4 1806.6
é 0.56 75356.6 887.2 3624.9 910.7 1260.1 2352 700.8 11343 i 1163.6 775.8
'o; 1 39116.0 444.5 1542.7 447.8 629.1 89.7 346.9 0.0 i 378.8 350.6
E 1.8 14044.7 280.5 247.6 59.2 197.8 13.7 15.9 0.0 3 0.0 25.1
g 32 19403.2 545.5 147.5 559 123.7 16.6 14.3 0.0 3 9.7 429
a 10 7150.2 122.0 33.9 67.8 15.8 0.0 0.0 0.0 3 0.0 0.0
<0.093 565.9 0.5 13.8 32 2.6 0.0 0.9 0.0 i 4.5 39
0.093 11298.1 18.2 2514 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 3 167.9 190.2
.é 0.33 22951.1 168.7 1005.4 190.2 247.8 313 176.9 62.2 § 348.0 2955
é 0.56 8982.5 252 359.8 60.5 124.7 11.0 319 56.4 i 130.5 100.0
é 1 5609.7 60.6 173.9 67.4 75.3 34 11.5 0.0 § 24.0 30.8
5 1.8 4753.4 128.7 473 8.4 35.6 0.0 0.0 0.0 3 0.0 19.3
% 32 9812.4 191.8 33.0 27.4 27.8 1.6 14.3 0.0 i 8.3 69.5
= 10 3100.1 322 225 16.0 43 0.0 0.0 0.0 3 2.2 7.7
<0.093 177.5 0.1 7.8 0.2 0.6 0.0 0.2 0.0 3 24 13
0.093 1359.9 4.9 86.5 38 4.7 0.0 1.7 0.0 i 225 12.0
0.175 2851.6 4.5 240.2 5.1 7.7 1.6 19.7 0.0 § 849 28.5
| 033 2927.1 7.1 303.9 5.7 9.7 1.2 17.8 0.0 i 100.2 323
'-:é) 0.56 1703.4 55 150.3 1.7 8.5 0.0 4.1 0.0 % 44.0 16.0
‘g 1 1527.0 17.8 43.8 3.8 12.1 0.0 22 0.0 i 10.4 8.2
2 1.8 3402.7 48.0 293 52 134 0.0 54 0.0 3 6.1 19.8
g 32 1514.9 66.5 214 13.2 10.8 0.0 11.0 0.0 i 3.0 45.1
& 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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(SD=0.6%; maximum=2%) of the fine fraction WSOC mea-
sured in the dry period (WSOC data obtained from parallel
HiVol samples was 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 par-
ticles from Brazil as a function of the particles’ aerodynamic
size, following 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
D,), where C is the mass concentration of a compound in
a specific size bin and Dp is particle aerodynamic diame-
ter (Seinfeld and Pandis, 1997). Figure 6 shows normal-
ized mass distributions of characterized ionic species in se-
lected MOUDI samples, as well as mass loading (PM) as a
function of size. To enable comparison between size dis-
tributions of ions with significantly different mass loadings,
Fig. 6a—f presents normalized mass distributions of the dif-
ferent components dC/(g;,; d log D,), where G,;,;=XC;

and G is the mass concentration of the specific species in the
i'th bin. For discussion purposes, particles with aerodynamic
diameter smaller than 1/8m are classified as fine particles,
and particles larger than 3.2n as coarse particles. In gen-
eral, particles with aerodynamic diameter ranging between

During sampling a 20 mm rain event occurred, an un-
usual event for the dry season in Amazonia. The CI
molar concentration in a rainwater sample collected on
the same day, and analyzed by the IFUSP group, was
equal to that of N4, indicating the presence of NaCl

in the rainwater. The Cl concentration in the rainwa-
ter sample (20@.g/L) was almost as high as the SO
concentration (23g/L) (Domingues and Artaxo, un-
published results).

. Size distributions of ionic species measured during the

transition period (Fig. 6d, e) exhibited in general fea-
tures similar to those observed in the dry period, but
some K~ and organic acids were found also in the
coarse mode. The PM distribution is similar to that ob-
tained for the MDRO40 sample; however, very lowNa
and CI- concentrations were observed in the transition
period samples. ND was mostly found in the coarse
mode.

. In the wet period sample, the particulate mass load-

ing was distributed almost 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 aro-
matic acids were found in the wet period. Botft kind
NO3 peaked in the coarse mode. Phosphate was found
only in the wet period MOUDI sample and it was only
present in the coarse mode.

1.8 and 3.2¢m have a small contribution to the total particu- i L ,
In Fig. 7 ionic mass concentrations as a percent of PM

late mass. o . . .
The following aspects of the ion size distributions are (hereafter referred to as ionic mass fraction) vs. particle size
noted: for a single sample from each of the dry and wet periods are

presented. The ionic mass fractions in the dry, transition and

1. In agreement with the SFU data, the highest mass conwet periods account for about the same 15-16% of the PM

centrations of all ions in the fine mode were observed(Cl~ and TCA are not shown). However, the organic frac-

during the dry period, when biomass burning was mosttion in the fine mode size bins is substantially higher for dry

intense (Table 4). period samples than the wet period sample (about 40% vs.
10%), with G-Cg 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
Ig).56—1.C)um range, while in the wet period, the maximum
shifts to a smaller size range, 0.33-0.66. Aromatic acids
are confined only to the size bin with the highest ionic mass
fraction, i.e. 0.56—1.@m, and are absent from the wet period
sample.

2. Size distributions of PM and ionic species collected dur-
ing the dry period are very similar to each other, es-
pecially those in MDRO37 and MDRO39 (Fig. 6a, b).
Most of the particulate mass was concentrated betwee
0.2-1um. The size distributions of NH, K*, SC;~
and all organic anions, MCA, DCA and one-ring aro-
matic acids, also peaked in this size range. A very mi-
nor amount of oxalate was found in particles larger than
1.8um. Only NG; exhibited a bimodal size distribu-
tion with substantial mass fraction in the coarse mode.

The size distributions of species in MDRO40 sample lon mass concentrations in the front and back filters of the
(Fig. 6¢) exhibited, in general, features similar to those fine samples collected by the HiVol sampler during the dry
of MDRO37 and MDRO39, but the distribution maxi- and transition periods were determined. When performing
mum was slightly skewed towards the higher size bins.an intralaboratory comparison between the SFU (polycar-
PM exhibited some increase in the coarse mode as wellbonate membrane) and HiVol (quartz fiber filter) samples,
It was the only sample where a high concentration ofit was observed that some species (such as sulfate) corre-
Na* and CI- was found in the coarse mode (not shown). lated very well between the two sample sets, while other

3.3 High Volume sampler (HiVol) data
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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).

Glycolic+Glyceric+  Formic NO3;  DCA C3-Cé SO#~ Oxalate NHX K

Acetic+Lactic®
median 29.10 23.55 7.97 4.54 5.07 7.40 1.28 1.20
mean 33.44 26.23 10.07 5.41 6.08 6.90 191 1.63
minimum 6.19 8.77 1.46 1.20 3.15 0.84 0.00 0.00
maximum 84.32 79.57 31.15 13.91 17.19 16.68 4.72 7.74
standard deviation 21.42 15.60 8.30 3.94 3.18 4.88 1.36 1.55

@ Due to problematic separation, peaks are integrated as a group peak.

species, such as nitrate and oxalate, had concentrations about 20
twice as high in HiVol samples as compared with SFU sam- 5] 23/09/2002 - dry period

: i . - I SO)
ples. Itis known that quartz fiber filters have a large specific | — No‘-;
area on which adsorption of gases can occur (Turpin et al., ; Aromatic
2000). In addition, it is possible that the quartz fiber filter ~ **] MCA

I Oxalic
DCA C-C,
I N\H,
K+

may be wetted at high relative humidities. Therefore, it is <
suggested that gas adsorption or oxidation processes occura
ring on the quartz fiber filters might have resulted in posi- ¢
tive artifacts during HiVol sampling. Consequently, we used
the data obtained from the HiVol samples only for resolving
issues which could not be fully addressed based on SFU sam-
ples. On the other hand, it should be noted that negative ar-
tifacts (volatilization losses) may have existed for the SFU

and MOUDI samples, in particular in the fine size fractions, o Dl m) .
because of the relative low pressure conditions during sam- P
pling. 20 :

To estimate the positive artifact caused by adsorption of 15 ©-10/11/2002 - wet period SO
gaseous compounds by quartz fiber filters (Novakov et al., ] . NO,
1997; Turpin et al., 2000), ratios of the ionic mass concentra- | PO,
tion on the back filter sample to that on the front filter sample it
were calculated for selected ions (Table 5). Among the or- 5 | s DCA C,C,
ganic acids, only MCA and MSA were present in substantial % *°] N

S -

amounts on the back filters (16—30% of the front filter con- K

centrations). Therefore, it appears that they have been sig-
nificantly adsorbed from the gas phase, while DCA and aro-
matic acid adsorption is comparable to that of a non-volatile
compound such as sulfate.

Dp (um)

4 Discussion

. . . Fig. 7. lonic mass fraction as a function of the particle aerodynamic
Evidently, the composition of the Amazonian aerosols ana-giameter in MOUDI samples collected in FNS, Roni, Brazil,
lyzed in this work was heavily impacted by vegetation com- 2002: (a) MDRO37; (b) MDROBOb.
bustion. However, since chemical composition evolves dur-
ing aerosol aging, and combustion is not the only aerosol
source in the region, it is challenging to evaluate the actualnity slope in comparison with elemental analysis by PIXE
proportion of primary combustion products in the determined(Fig. 5) indicates that almost all fine mode K in the parti-
aerosol chemical composition. Fine size fractioh i€ a  cles is present in water-soluble (cationic) form. Therefore,
highly useful tracer for pyrogenic aerosols, since combustionwe consider fine size fraction species whose temporal profile
of plant material releases large amounts of-Kch particles  correlates well with that of K, as species which are pro-
in the submicrometer size mode (Andreae, 1983). The neaduced by vegetation combustion. We used this approach to
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Dendrogram using Ward Method the accumulation mode and exhibited the very same shape
Rescaled Distance Cluster Combine as sulfate’s, suggesting internal mixing of these species in
CASE 0 s 0 5 2 - the same particles. Thus, considering the proximity of the
Label  Num f-------- A Ammmmooes frommmmoe- L ! DCA C3-C6 cluster to the ammonium sulfate cluster (Fig. 8),
K ; the similarity of their size distribution to that of ﬁo and
PM 8 NHI (Fig. 6a, b) and their proximity to the PM and*K
€00y 9 cluster, we suggest that they have a strong common vegeta-
soz 5 tion combustion source, and that they may form ammonium

salts, which may play an important role in determining the
thermodynamic properties of the aerosol (Trebs et al., 2005).
Acetic and formic acids appear in the furthest class, suggest-
ccoo 1 ing that they either have a different source in the particles,

° _] or behave differently from the other species considered here,
neoor 2 due to their higher vapor pressure.

NH,* 6

DCAC,C, 4

NOy 3

Fig. 8. Dendrogram of the cluster analysis showing the grouping
of species determined in the fine fraction with similar characteristic4.2 ~ Size distributions of the ionic species
for dry and transition periods.
Analysis of the MOUDI samples shows that during the dry
period, most of the particulate mass was concentrated in sizes
investigate the origin of the low molecular weight organic smaller than 1.8&m (Fig. 6a—c), peaking in mass at 0.2—
acids. FPM and the mass concentrations ofj{NmIOg, 1 um, indicating the dominant size range of the smoke parti-

SO, DCA and aromatic acids measured in the SFU sam-cles. In the dry period (Fig. 6a—c), PM and most of the ion
ples (shown in Fig. 1) followed the same temporal trends assize distributions exhibit a maximum between 0.33—-(.66
K+, suggesting that the fine aerosol, in general, and thes#" a related paper, Decesari et al. (2005&)ow that in this

ionic species, in particular, were produced mostly by vegetasize-bin, all species show a peak. Considering this, the peak
tion combustion. of the total ionic mass to PM ratio between 0.56-10 in

Fig. 7a, indicates that species which were not analyzed in
4.1 Relationships between ionic species measured in SFthis work, constitute a larger fraction in the 0.33-0.66
samples — cluster analysis size-bin during the dry season.
C,-Cs DCA were mostly found in submicrometer parti-
Cluster analysis was used to obtain statistically meaningfukles and appear in the same cluster as{NBHQy, closest to
correlations between the major ionic species in the fine siz&sPM and K" cluster (Fig. 8). Thus we infer that they have
fraction and to corroborate the conclusions derived based oa common source. However, a relatively high abundance
the chemical analysis and the size distributions. Details ofof oxalate was observed also in the coarse anionic fraction
the procedure are described by Artaxo et al. (1990). (Fig. 3 and Table 3), pointing to an additional potential DCA
Results from cluster analysis of dry and transition periodsource. A field study in the Southern African savanna (For-
samples are shown graphically in Fig. 8 in the form of a den-menti et al., 2003) suggested a possible distribution pattern of
drogram. K highly correlates with FPM, indicating that the oxalate during aerosol transport, whereby certain gas-phase
fine aerosols consist mainly of smoke patrticles, as was fursmoke components are converted by atmospheric oxidants
ther supported by the size distributions and by temporal beto DCA through sequential decarboxylation and oxidation.
havior of levoglucosan, a specific biomass burning tracer, in ar herefore, DCA may have at least two sources: primary pro-
related paper (Schkolnik et al., 2005). The close associatiomluction during biomass burning and secondary production
of oxalate to this cluster suggests that its dominating sourceluring aerosol transport.
is vegetation combustion and not secondary photochemical Consistent with the conclusions from the SFU, the molar
processes. Sulfate and rjﬂ,-lcomprising non-volatile ammo- ammonium to sulfate ratio in the MOUDI samples was close
nium sulfate by gas to particle conversion, compose a sepato or greater than 2 in the 0.093—L.tn size range, indicating
rate cluster. The calculated molar ammonium to sulfate rathat all SCi‘ was neutralized to (Nl§>S0O4, which is the
tio obtained by IC analysis was greater than 2, suggestinglominant salt in these aerosols. The size distributions of the
that sulfate is completely neutralized by ammonia to formaromatic and aliphatic carboxylic acids are similar to that of
(NH4)2S0Oy salt. K+, suggesting that they were predominantly emitted with
The recently published size-resolved measurements resmoke aerosol.
porting episodes of elevated LMW DCA concentrations due Nitrate has a bimodal size distribution, with a contribu-
to biomass burning plumes passing over the measuremertion from the coarse mode, consistent with the SFU sam-
site (Jaffrezo et al., 1998; Ma et al., 2003), have found thatples and the cluster analysis (Table 3, Fig. 8), suggesting
the size distributions of K and DCA were skewed toward that a process other than direct emission is responsible for
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nitrate in the coarse mode. Recent studies on nitrate iM.3 Organic acids in the tandem front/back filter system
biomass burning plumes suggested thatyNgitted from (Hivol)

the fires forms nitric acid by reactions with atmospheric oxi-

dants such as £or OH: (Gao et al., 2003), which condenses The ubiquity of DCA in biomass burning particles requires
onto alkaline particles such as mineral dust or biomass burnthat their concentrations in aerosols be accounted for cor-
ing aerosol (Tabazadeh et al., 1998; Song and Carmichaetectly in models. Although carboxylic acids have been stud-
2001). Therefore, nitrate is a secondary product in biomaséed in the gas and particulate phases, most of the data refer to
burning aerosols replacing organic and inorganic anions withmonocarboxylic acids (formic and acetic). To our knowl-
HNO;3 (Tabazadeh et al., 1998; Trebs et al., 2005), or througredge, the few field studies that attempted to monitor gas-
neutralization of nitric acid by ammonium to form ammo- particle partitioning of dicarboxylic acids have led to contra-
nium nitrate (NHHNO3) (Seinfeld and Pandis, 1997). dicting conclusions about their semi-volatile behavior (Sax-
ena and Hildemann, 1996; Baboukas et al., 2000; Limbeck
et al., 2001; Mochida et al., 2003). Specifically, recent field
studies reported that low molecular weight DCA are semi-

An increase in PM and high Naand CI concentrations olatile (Baboukas et al., 2000; Limbeck et al., 2001), while

ok_)served n th? coarse mode of sample MDROA0, coincide ther studies concluded that they are mostly confined to the
with a short rain event. The equal Nand CI- molar con-

o . particulate phase (Saxena and Hildemann, 1996; Mochida et
centration in a rainwater sample collected on the same da}él., 2003). Limbeck’s conclusions about semi-volatile behav-

may indicate the presence O].c ageq sea salt in the rainwa}tefor of the G-Cg DCA were based on the presence of signifi-
However, pe'netrat|on of marine air masses to the Samplm,g:ant concentrations of DCA on the back filter (Limbeck et al.,
area seems improbable. Even if air masses from the Atlantu‘zom) In contrast, §Cs DCA concentration ratios of back
reached the Rorihia region, most of the marine aerosols to front filters in our samples did not exceed 0.801066. A

would be wet-deposited during the several days of ransporty; yijar ratio (0.0520.034) was obtained for the non-volatile

We currently do not have a good explanation for the Presencg ate
f NaCl in these samples. ) . A
0 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-
In the wet period MOUDI samples, PM is distributed al- volume sampler equipped with a front/back filter tandem sys-
most equally among all impactor stages. Carboxylic acidstem of quartz fiber filters. A major difference is that in the
as well as K appear also in the higher size bins. This ob- Limbeck et al study, sampling intervals were about a week,
servation reflects a relative dearth of fresh smoke emissionsgnd collected samples were stored in a refrigerator {0)-4
and implies the existence of other sources, not from biomassintil analysis (Limbeck et al., 2001). In the current study, the
burning, for these species. This is consistent with the absencgampling intervals were shorter (about 12 h) except for five
of levoglucosan, a specific biomass burning tracer, from thetransition period samples, which were collected for 24—36 h.
coarse mode in all periods (Schkolnik et al., 2005). A possi-Loaded filters were immediately placed in a freeze2%°C)
ble source for such carboxylic acids may be biogenic emis-and thus stored until analysis. Another plausible explanation
sions (Guyon et al., 2004; Kocak et al., 2004). This is furtherfor the different conclusions is that the prolonged sampling
substantiated by the presence of phosphate (known to be @n quartz fiber filters leads to production of oxalic and suc-
biogenic emission marker) which was observed exclusivelycinic acids on the back filters. Oxalic and succinic acids can
in the wet period MOUDI sample and only in the coarse form by oxidation of high molecular weight organics, such as
mode. The contribution from other aerosol sources agreegaromatic compounds or unsaturated fatty acids, while mal-
also with the crustal enrichment factor for K in the coarse onic acid cannot be produced by this pathway (Kawamura
modes in the wet period which was typically around 3 with et al., 1996; Gao et al., 2003). In the study of Limbeck et
respect to Mason’s average crustal rock composition (Ma-al. (2001), malonic acid was confined mostly to the front fil-
son and Moore, 1982), using Al as crustal reference elementer, while oxalic and succinic acids were found also in back
This indicates that an additional aerosol source may be minfilters. Additional possible differences between the two stud-
eral dust, plant debris, plant spores or bacteria. The highies can arise from different particles’ acidity. R@mia par-
DCA concentrations in the coarse mode could be also partlyticles are neutral or slightly basic.
attributed to photochemical processes followed by conden- We have not found evidence for semi-volatility of DCA,
sation (Chebbi and Carlier, 1996). It was also suggested thadnd conclude that they are confined to the aerosol phase in
oxalic and malonic acids can be produced by degradation ofhis case. This may arise from the neutral or slightly alka-
higher DCA on particles (Kawamura and lkushima, 1993).line character of the particles and from the high humidity
Finally, the shift of DCA and K to higher sizes may also during the field campaign, contrary to sampling conditions
suggest mixing between aerosol populations by in-cloud pro-and aerosol pH reported where semi-volatility of LMW DCA
cessing followed by evaporation. was observed (Limbeck et al., 2001, 2005). A mechanism of
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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 pugm-3 pngm-3
Amazon basin, 2002 £Csg, IC range: 0.033-2.5 this work
including branched, 0.022-1.34
keto- and hydroxyacids
Amazon basin, 1992 £ IC in different Allen and Miguel (1995)
vegetation types:
0.3-28.8
Central Africa, 1996 %) IC 0.05-1.17 Ruellan et al. (1999)
Indonesian forest, 1997 12 GCIMS 0.087-3.8 Narukawa et al. (1999)
South African savanna, 1997 >C IC 0.18 Puxbaum et al. (2000)
Arabian Sea, 1999 £ GCIMS 0.18 Neususs et al. (2002)
Amazon basin, 1999 £Cg, oxalic-IC; range: 0.14-1.33  1.47 Graham et al. (2002)
including branched, rest-GC/MS
keto- and hydroxyacids
ACE-Asia, 2001 G-Cs GC/MS 0.12-0.63 0.16-0.90 Mader et al. (2004)

DCA confinement to the particle phase is by formation of DCA in general and oxalic acid in particular, appear to be
ammonium salts of the DCA which was observed in thesethe major identified particulate organic species, with mass
particles (Trebs et al., 2005). The ammonium salts wouldconcentrations up to 1-#g m3. It can be seen that the
have lower vapor pressure than the free acids. Such a reducomposition data from a field study carried out in 1999 at the
tion in the volatility of inorganic acids due to high ammo- same sampling site as the present study (Graham et al., 2002)
nium concentrations has already been observed by Pathakgrees with the measurements presented here. The consis-
et al. (2004). In addition, a laboratory study (Prenni ettency between the two datasets (see Table 6) allows us to
al., 2001) found that LMW DCA partition to the condensed consider them representative for the emissions produced by
phase, and that once wetted in the atmosphere, these comaegetation combustion in the Amazon region. However, the
pounds remain as a metastable solution, even when dried th999 study lacks the temporal variations and the size distri-
less than 5% RH. These results suggest that at high relativbutions reported here.

humidity typical for the tropical rainforest (60—100%), DCA

are expected to be confined to the aerosol phase. Using a Highly dissociated organic species may affect aerosols’
high-volume air sampler and an annular denuder samplindlygroscopic and cloud-nucleating properties, although their
system with a NgCOz coated denuder to trap gaseous or- carbon mass fraction in WSOC averages about 3%. De-
ganic acids and a N&Os impregnated quartz fiber filter to  Spite the fact that organic carbon (OC) is a typical param-
collect particles, Mochida et al. (2003) also measured C eter directly measured to quantify the organic fraction in
Cs DCA gas to particle partitioning, showing that their ac- aerosols, organic aerosol mass is more important to the
tual fractions in particles are close to unity. Saxena andchemical and physical properties of aerosols. As opposed

Hildemann (1996) reached similar conclusions about DCAt0 non-oxygenated hydrocarbons, oxygenated organic com-
semivolatility. pounds, such as organic acids, contain groups whose mass

and volume are substantial. Organic acids in aerosol parti-
4.4 Comparison with previous studies on organic acids incles have large organic matter (OM) to OC ratios (Mochida
aerosols from vegetation burning et al., 2003) because they contain oxygen atoms in -COOH
functional groups. The OM/OC ratios 0b&Cg DCA range
Detailed composition data on the ionic fraction of biomassfrom 3.8 (oxalic acid) to 2.0 (adipic acid), indicating that
burning aerosols is essential for understanding the impact otheir contributions to the particle mass is larger than that cal-
smoke aerosol on atmospheric chemistry and climate. Sewculated on the basis of carbon only. Another important role
eral studies have contributed to our current knowledge of or-0f organic acids relating to their contribution to the smoke
ganic acids in biomass burning. Some characterization stud@erosol mass is the formation of salts. Both organic acids
ies of dicarboxylic acids in smoke aerosols collected duringand NH; were predominantly present in submicron size par-
field campaigns in different locations and different vegeta-ticles and the ammonium was in excess ofiSOand ni-
tion types have been conducted. Table 6 summarizes sonteate. Using an updated version of the equilibrium simpli-
published DCA composition data obtained for biomass burn-fied aerosol model (EQSAM), which incorporates mineral
ing aerosols in different parts of the world. In these studies,aerosol species and lumped LMW organic acids obtained in

Atmos. Chem. Phys., 5, 78197, 2005 www.atmos-chem-phys.org/acp/5/781/



A. H. Falkovich et al.: Low molecular weight organic acids in smoke aerosol 795

this study, it was shown that carboxylic acids have to be takerFund for Promotion of Research at the Weizmann Institute. We
into account (Trebs et al., 2005) in order to balance the finghank A. C. Ribeiro, A. L. Loureiro, T. Germano, G. Nishioka
mode aerosol inorganic ionic charges. When organic acid@nd J. Cafmeyer for collecting the samples at the field site and
are present as ammonium salts, their contribution to the toX. Chi (Ghent Univ., Belgium) for performing the OC and WSOC
tal aerosol mass increases even more (e.g. OM/OC=5.2 fdféasurements. The authors wish to thank S. Decesari (CNR,

oxalic acid as (COONH)-, instead 3.8 for free oxalic acid). ES;SSF{;'S (':ti);)ioigd M. Claeys (Univ. of Antwerp, Belgium) for

5 Conclusions Edited by: U. Lohmann

Examining the link between aerosol chemical/physical prop-

erties and aerosol hygroscopic and cloud-nucleating propergeferences
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study that reports size distributions of organic acids in smoke 1148-1151, 1983. ,

aerosols from this region. Andreae, M. O. and Crutzen, P. J.: Atmospheric aerosols: con-
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