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Abstract. Measurements of polar organic marker com- PMy 5 size fraction of the HVDS samples. In the dry period
pounds were performed on aerosols that were collected aevoglucosan reached concentrations of up to 7.5 pgand
a pasture site in the Amazon basin (Ron@, Brazil) us-  exhibited diel variations with a nighttime prevalence. It was
ing a high-volume dichotomous sampler (HVDS) and a closely associated with the PM mass in the size-segregated
Micro-Orifice Uniform Deposit Impactor (MOUDI) within  samples and was mainly present in the fine mode, except
the framework of the 2002 LBA-SMOCC (Large-Scale during the wet period where it peaked in the coarse mode.
Biosphere Atmosphere Experiment in Andata — Smoke  Isoprene SOA tracers showed an average concentration of
Aerosols, Clouds, Rainfall, and Climate: Aerosols From 250 ngnt?3 during the dry period versus 157 nghduring
Biomass Burning Perturb Global and Regional Climate)the transition period and 52 ngth during the wet period.
campaign. The campaign spanned the late dry seasoNlalic acid and the 2-methyltetrols exhibited a different size
(biomass burning), a transition period, and the onset of thalistribution pattern, which is consistent with different aerosol
wet season (clean conditions). In the present study a morérmation processes (i.e., gas-to-particle partitioning in the
detailed discussion is presented compared to previous reportase of malic acid and heterogeneous formation from gas-
on the behavior of selected polar marker compounds, includphase precursors in the case of the 2-methyltetrols). The
ing levoglucosan, malic acid, isoprene secondary organi@-methyltetrols were mainly associated with the fine mode
aerosol (SOA) tracers and tracers for fungal spores. Thealuring all periods, while malic acid was prevalent in the fine
tracer data are discussed taking into account new insights thamode only during the dry and transition periods, and dom-
recently became available into their stability and/or aerosolinant in the coarse mode during the wet period. The sum
formation processes. During all three periods, levoglucosarof the fungal spore tracers arabitol, mannitol, and erythri-
was the most dominant identified organic species in thetol in the PMy s fraction of the HVDS samples during the
dry, transition, and wet periods was, on average, 54ngm
34ng 3, and 27 ngm?, respectively, and revealed minor

Correspondence tavl. Claeys day/night variation. The mass size distributions of arabitol
BY (magda.claeys@ua.ac.be) and mannitol during all periods showed similar patterns and
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an association with the coarse mode, consistent with theitime scale relevant to particle lifetimes by heterogeneous OH
primary origin. The results show that even under the heavyradical-initiated oxidation (Hoffmann et al., 2010; Hennigan
smoke conditions of the dry period a natural background withet al., 2010). Sugars present in atmospheric aerosol comprise
contributions from bioaerosols and isoprene SOA can be rethe monosaccharides, glucose and fructose, and the disac-
vealed. The enhancement in isoprene SOA in the dry seasocharides, sucrose and trehalose. Glucose, fructose, and su-
is mainly attributed to an increased acidity of the aerosols,crose originate from plant material such as pollen, fruits, and
increased NQ concentrations and a decreased wet depositheir fragments (Bartolozzi et al., 1997; Baker et al., 1998;
tion. Pacini, 2000; Yttri et al., 2007), but in addition glucose may
also result from cellulose pyrolysis (Shafizadeh, 1982), while
trehalose is due to fungal spores (Lewis and Smith, 1967;
Bieleski, 1982). The sugar alcohols, arabitol, mannitol, and
1 Introduction erythritol, which are denoted by polyols, are marker com-
pounds for fungal spores (Lewis and Smith, 1967; Bieleski,
The Amazon basin is a region where widespread biomasg982).
burning takes place during the dry season which signifi- The  2-methyltetrols  (2-methylthreitol and  2-
cantly alters the chemical properties of the tropical pristinemethylerythritol) and the &alkene triols [2-methyl-
background atmosphere. The carbonaceous aerosol over the3 4-trinydroxy-1-butene c{s and trans) and 3-methyl-
Amazon basin has been intensively studied during receng,3,4-trihydroxy-1-butene] have first been identified in
years since it contains a large fraction of water-soluble or-Amazonian aerosols (Claeys et al., 2004; Wang et al., 2005)
ganic carbon (WSOC). The latter fraction is of climatic rel- and were, based on theis@oprene skeleton, proposed to
evance since it enhances the ability of the aerosol to ache photooxidation products of isoprene. In subsequent labo-
as cloud condensation nuclei (e.g., Novakov and Pennefatory (smog chamber) experiments it was confirmed that the
1993; Novakov and Corrigan, 1996; Mochida and Kawa- 2-methyltetrols are formed through photooxidation of iso-
mura, 2004) and may as such affect cloud processes (e.gorene under varying NOregimes (Edney et al., 200558e
Shulman et al., 1996; Facchini et al., 1999; Roberts et al.et al., 2006; Surratt et al., 2006, 2010; Sato, 2008), while
2002; Mircea et al., 2005). As to chemical composition stud-the Gs-alkene triols could only be detected in the absence
ies of the Amazonian carbonaceous aerosol, emphasis hag NO, (Surratt et al., 2006, 2010; Kleindienst et al., 2009).
been formerly placed on the measurement and/or characterBicarboxylic acids and hydroxycarboxylic acids comprise a
zation of individual compounds that are hygroscopic and/orvery large group of compounds; a major hydroxycarboxylic
can serve as tracers for aerosol sources and/or processegid is malic acid, which can be regarded as intermediate
i.e., anhydrosugars, sugars, 2-methyltetrols, polyols, hydroxin the oxidation of G (n < 6) semivolatile carboxylic acids
yacids, dicarboxylic acids, and phenolic acids (Ktda et (which are also oxidation products of unsaturated fatty acids)
al., 2000; Zdahal et al., 2002; Graham et al., 2002, 2003; and is believed to be formed through further photooxidation
Claeys et al., 2004; Falkovich et al., 2005; Schkolnik et al., of succinic acid (Kawamura and Gagosian, 1990; Kawamura
2005), as well as of humic-like substances (HULIS) that rep-and Ikushima, 1993). Dicarboxylic acids are known to
resent a large fraction of the WSOC (Mayol-Bracero et al.,have many sources, both anthropogenic and biogenic ones
2002). (Rogge et al., 1993; Limbeck and Puxbaum, 1999). A recent
The major anhydrosugar detected in the aerosol samplestudy examined the molecular profiles of dicarboxylic acids
is levoglucosan (1,6-anhydm®-D-glucopyranose), which is  (C2-C11) and related compounds (ketocarboxylic acids and
formed through pyrolysis of cellulose, the main build- dicarbonyls) in PMs samples from the intensive biomass
ing material of wood, at temperatures higher than 3D0 burning period of the LBA-SMOCC 2002 campaign and
(Shafizadeh, 1982). It is accompanied by minor stereoisofound higher ratios of the latter compounds to biomass
mers, including 1,6-anhydrg-D-glucofuranose, mannosan burning tracers (i.e., levoglucosan,™K during daytime,
(1,6-anhydrog-D-mannopyranose), and galactosan (1,6-suggesting the importance of photochemical production
anhydrog-D-galactopyranose), all resulting from the pyrol- (Kundu et al., 2010).
ysis of hemicelluloses present in wood. Levoglucosan is a In the present study, we focus on major polar organic
well-established tracer for pyrolysis of cellulose in biomassmarker compounds and discuss their time series, diel vari-
smoke (Simoneit et al., 1999; Nolte et al., 2001; Simoneit,ations, mass size distributions, and aerosol formation pro-
2002) and has been extensively used to monitor biomassesses. The major polar organic marker compounds include:
smoke in the Amazon basin (Zairal et al., 2002; Graham (a) levoglucosan, (b) malic acid, (c) photooxidation products
et al., 2002, 2003; Schkolnik et al., 2005) and in other tropi- of isoprene, i.e., 2-methyltetrols and-@lkene triols, and (d)
cal and subtropical areas where biomass burning takes plageolyols (arabitol, mannitol, and erythritol). The latter com-
such as, for example, southern Africa (Gao et al., 2003)pounds were selected for two reasons: (a) they correspond
Levoglucosan has for a long time thought to be fairly inert; to major single compounds that can be detected in the fine
however, recent laboratory studies show that it decays upon 8PM, 5) size fraction of high-volume dichotomous samples
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by gas chromatography/mass spectrometry (GC/MS) withpre-impaction stage (stage 0) and 10 regular stages of 18, 9.9,
prior trimethylsilylation in the full scan mode, and (b) they 6.2, 3.1, 1.8, 1.0, 0.603, 0.301, 0.164, 0.094, and 0.053 um,
provide important information on aerosol sources and sourcevas employed. Aluminum foils of 37 mm diameter (pre-fired
processes. Part of the presented data have been reportat550°C) were used as collection substrates in the MOUDI.
by Decesari et al. (2006) on the overall composition of theSeparate day- and nighttime samples were collected during
carbonaceous aerosol in R@mda during the LBA-SMOCC  most days of the dry period and part of the transition period.
campaign and its representation through model compound€)uring the rest of the transition period, the collection time
and by Fuzzi et al. (2007) on the inorganic and organic com-was 24 h, whereas during the wet period, day- and nighttime
position of the corresponding size-segregated aerosol; thessamples were collected for 48 h. A total of 80 HVDS samples
earlier presented data are included here to allow a more deand 80 MOUDI sample sets were collected.
tailed and coherent discussion on time series, diel variations, PM, mass data were derived from the fine2(um AD)
and size distributions of major polar organic marker com- size fraction of a Gent P stacked filter unit (SFU) sampler
pounds. that was operated in parallel. A Pall Teflo filter was used as
fine filter in the SFU sampler.

2 Experimental 2.3 Aerosol analysis
2.1 Site description PM mass data were obtained by weighing the SFU filters
haend the MOUDI aluminum foils before and after sampling
with a microbalance of 1 ug sensitivity. The weighings were
(ligne at 20C and 50% relative humidity (RH) and the filters
0 o " . :
were equilibrated at these conditions for 24 h prior to weigh-
ing. All filters of the HVDS samples were analyzed for or-

deforestation took place in recent years. The campaign covJanic carbon (OC) and elemental carbon (EC) by a thermal-

ered a dry period (9 September—8 October), corresponding t8pt|cal (T.OT) _technlque (Birch and Cary, 19.96) and the fine
the end of the dry season (biomass burning season), a transi2¢ fraction filters also for WSOC as described by Viana et
tion period (8—30 October), and a wet period (30 October—14a|' (2006). . .
November), corresponding to the beginning of the wet sea-. Selgcted polar organic marker'compounds in the front
son. For a more detailed description of the sampling site, segne filters Qf all H.VDS quartz fiber filter samples and
Andreae et al. (2002). For an overview of the meteorologicalIn the_ _alumln_um foils of selecte_d MOoUDI _samples were
conditions, including temperature, during the campaign, seduantified using GC/MS techniques that incorporated a
Fuzzi et al. (2007). The temperature showed little variabil- d€rivatization step in order to convert carboxylic and hy-

ity during the period considered, with monthly mean vaIuesdrOXyI groups tol trimﬁthylsilﬂa;ed ester anddetherhderiva-
around 25.0C, although there was a variation in the daily UVeS: respectively. The method was targeted to the quan-

maximum temperature span: 16Q in September, 9.2C titation of sugar-like compounds, including anhydrosugars
in October and 8.6C in November. During the dry season, (l€voglucosan, mannosan, galactosan, and 1,6-angdro-

and, to a lesser extent, the transition period, widespread fir@-9lucofuranose), 2-methyitetrols (2-methylthreitol and 2-
activity was observed in Robdia and Mato Grosso, as well methylerythritol), monosaccharides (fructose and glucose),

as in other states along the southern and south eastern mafw,d polyols (erythritol, arabitol, and mannitol). The ana-
gin of the Amazon forest. Conversely, biomass burning wasYtical procedure was adapted from a method previously de-

substantially reduced at the beginning of November after the_scribed and validated for the determination of Ievqglucosan
onset of persistent wet conditions (Andreae et al., 2004). in urban aerosols (Pashynska et al., 2002). In addition to the
above mentioned sugar-like compounds, malic acid was also

2.2 Aerosol sampling measured with the same method; however, more accurate
data for malic acid were obtained with a method targeted to
A high-volume dichotomous virtual sampler (HVDS), lo- the analysis of polar hydroxycarboxylic acids, as has been re-
cated 2m above ground level, was used to collect sampleported in a previous study (Decesari et al., 2006). The malic
in two size fractions, a fine{2.5 pm aerodynamic diame- acid data used in the present study for the fine HVDS sam-
ter (AD)] and a coarsex{2.5 um AD) fraction (Solomon et ples were, therefore, obtained with the latter method (method
al., 1983). Double Pallflex quartz fiber filters (of 102 mm 2 of the cited study). In addition, succinic acid data obtained
diameter), which had been pre-fired at 3&Dto remove or-  with the latter method were also used for the detailed inter-
ganic contaminants, were used to collect each of the two siz@retation of the malic acid data.
fractions. For collection of size-fractionated aerosol sam- A part of the front quartz filter sample (1/16 or 1/32)
ples, a ten-stage Micro-Orifice Uniform Deposit Impactor or of the aluminum foil (1/2 or 1/4) was used for
(MOUDI), with 50% aerodynamic cutoff diameters for the extraction. Before extraction, the recovery standards,

Ground-based measurements were performed as part of t
LBA-SMOCC campaign from 9 September till 14 Novem-
ber 2002 (66 days) at a pasture site (Fazenda Nossa Senh
Aparecida, 100444’ S, 622127' W, 315ma.s.l.). This site

is located within Ron@nia, Brazil, a region where extensive
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methyl-8-L-xylanopyranoside and deuterated®s) malic 3 Results and discussion
acid (2,2,3D3-malic acid; Cambridge Isotope Laborato-
ries, Andover, MA, USA) were added. Briefly, the sam- 3.1 GC/MS chromatograms
ple work-up procedure consisted of extraction with 3 times
20 mL dichloromethane:methanol (4:l/y) and derivatiza- Figure 1 presents a typical total ion chromatogram (TIC)
tion of the residues into trimethylsilylether derivatives with obtained for a trimethylsilylated extract of a fine daytime
50puL of a 3:5 ¢/v) mixture of pyridine andN-methyl- HVDS filter sample collected during the transition period
N-trimethylsilyltrifluoroacetamide (MSTFA) containing 1% (26—27 October). The chromatogram is dominated by lev-
trimethylchlorosilane (TMCS) (Pierce, Rockford, IL, USA). oglucosan and smaller peaks are clearly observed for malic
GC/MS analysis was performed with a TRACE GC2000 acid, the 2-methyltetrols, thescalkene triols, and anhy-
gas chromatograph and a Polaris Q ion trap mass spedarosugars that are isomeric to levoglucosan (mannosan and
trometer equipped with a CP Sil 8CB low-bleed capillary 1,6-anhydrog-D-glucofuranose). It is worth noting that the
column (95% dimethyl-, 5% phenylpolysiloxane, 0.25um latter compounds can be detected in the TIC so that more
film thickness, 30 nx0.25 mm i.d.; Chrompack, Middelburg, selective detection, i.e., mass chromatographic or selected
The Netherlands), which was preceded by a deactivated silion monitoring detection, was not necessary. However, in
ica precolumn (2 0.25mmi.d.). The following tempera- the present study, mass chromatography using specific ions
ture program was applied: the initial temperature was®0 was utilized to obtain more clear chromatographic peaks
and kept for 5min, the temperature was then increased tdor less abundant compounds, i.e., polyols (arabitol, man-
200°C at the rate of 3Cmin~! and kept at that temper- nitol, and erythritol), and, in most casess-@lkene triols
ature for a further 2min and then raised to 3@at the  (2-methyl-1,3,4-trihydroxy-1-butenecié and trans) and 3-
rate of 3°Cmin~1; the total analysis time was 62 min. methyl-2,3,4-trihydroxy-1-butene), while selected ion moni-
For the analysis of the HVDS samples, the GC/MS in- toring was performed for the analysis of aluminum foils col-
strument was operated in the electron ionization and thdected with the MOUDI, where the amounts found on the
full scan modes (mass range/z 45-500), and quantifi- different stages are much lower than on the HVDS filter sam-
cation was based on mass chromatographic data (i.e., exples.
tracted ion chromatograms), while for the analysis of the
MOUDI samples, the instrument was operated in the se-3.2 Time series, diurnal variations and size
lected ion monitoring mode (instead of the full scan mode) distributions
with an ion dwell time of 25 ms. The selected ions were
at m/z204 and 217 for the internal recovery standard (1S),3.2.1 PM, OC, EC, and levoglucosan
methyl8-D-xylanopyranoside, and for levoglucosam/z
219 and 277 for the 2-methyltetrols (2-methylthreitol and 2- Table 1 summarizes median and mean concentrations and
methylerythritol),m/z233 and 307 for malic acidn/z236 concentration ranges for OC, EC, WSOC, and the selected
and 310 for deuteratedDg) malic acid,m/z217 and 319 organic species in the fine size fraction of the HVDS filter
for arabitol and mannitol, anth/z231 for the alkene triol samples for the dry, transition, and wet periods of the LBA-
derivatives of isoprene (2-methyl-1,3,4-trihydroxy-1-butene SMOCC 2002 campaign. In addition, Table 1 presents mean
(cisandtrans) and 3-methyl-2,3,4-trihydroxy-1-butene). For percentages of the fine OC that is attributable to the carbon
derivatization of standard solutions of all saccharidic com-in the organic compounds. Figure 2 shows the time series
pounds, the same procedure as that used for the aerosol efor fine PM (PM), and OC, EC, and levoglucosan for the
tracts was applied. The quantification of the monosacchafine size fraction of the HVDS samples. It can be seen that
ride anhydrides (levoglucosan, mannosan, and galactosangJl four parameters show substantial variation throughout the
the polyols (arabitol, mannitol, and erythritol), the monosac-campaign and are fairly well correlated with each other. The
charides (fructose and glucose), and the 2-methyltetrols wasorrelations between the PM (BMand OC, EC, and lev-
based on an internal standard calibration procedure employeglucosan for the dry period were 0.83, 0.84, and 0.75, re-
ing methyl8-L-xylanopyranoside as internal recovery stan- spectively. During the dry period, which is characterized
dard and pure reference compounds, if available. For assesby intense deforestation fires, high PMlevels of levoglu-
ing the amounts of the 2-methyltetrols ang-&kene triols,  cosan are measured (mean value 2.1 g)mwhile during
for which no pure reference compounds were available, thehe transition and wet periods, the mean levels decrease to
response factor of erythritol was used, while for assessind.40 ugnr3 and 0.06 ug m3, respectively. It can also be
the amount of malic acid, the response factor of deuteratedeen in Fig. 2 that diel differences are observed for the fine
(D3) malic acid was used. Duplicate analyses showed thaPM (PM,), OC, EC, and levoglucosan during the dry period
the precision of the determinations was about 10%. All re-when separate day- and nighttime sampling was carried out
ported concentrations were corrected for procedural blanks.and that the highest concentrations are found at night. The
higher nighttime concentrations can be partly explained by
trapping of the pyrogenic aerosol under the shallow nocturnal
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Table 1. Median and mean concentrations and concentration ranges for OC, EC, WSOC, and selected organic species (and mean percentag
of the OC attributable to the carbon in the organic compounds) in the front filters of the fine size fraction of the HVDS filter samples for the
dry, transition, and wet periods of the LBA-SMOCC 2002 campaign.

Species Dry periodN = 53) Transition period{ = 20) Wet period  =7)
Conc.,ngnt3 (* ugm=3) Mean  Conc.,ngms (* ugm=3) Mean  Conc.,ngms (* uygm=3) Mean

Median Mean Range % OC Median Mean Range % OC Median Mean Range % OC
ocC* 27 32 4.1-79 n/a 8.4 9.1 3.9-15.7 n/a 1.80 1.60 0.93-2.3 n/a
EC* 0.98 111 0.30-24 n/a 0.42 042 0.18-0.66 n/a 0.07 0.09 0.04-0.18 n/a
WSOcC* 17.5 21 2.6-53 66 6.0 6.6 25-105 73 0.98 1.04 0.65-1.92 64
levoglucosan 1380 2100 126-7500 2.63 350 400 106-1860 191 26 58 15.7-150 1.46
mannosan 88 148 10.1-540 0.18 27 31 7.3-70 0.15 2.8 4.1 1.9-7.4 0.11
galactosan 26 57 4.3-260 0.07 10.1 11.4 2.8-32 0.05 0.9 140.5-2.4 0.03
arabitol 14.7 16.8 <2.0-41 0.03 9.8 9.8 4.5-22 0.05 8.2 8.7 5.3-11.38 0.27
mannitol 19.4 23 3.9-52 0.05 8.3 20 9.5-47 0.10 19.2 17.7 11.1-20 0.50
erythritol 12.8 14.4 2.3-37 0.02 4.1 4.4 1.6-8.0 0.02 11 1.0 0.7-1.3 0.03
glucose 47 52 15.1-130 0.09 34 34 16.6-53 0.17 27 27 16.3-37 0.74
fructose 13.9 15.2 <2.0-44 0.03 8.5 8.0 25-132 0.04 4.8 51 1.2-125 0.14
2-methylthreitol 51 52 4.8-98 0.09 19.0 26 7.6-89 0.13 8.2 9.1 3.0-20 0.26
2-methylerythritol 145 143  13.7-320 0.25 68 94 22-310 0.48 29 34 13.3-66 1.00
Cs-alkene triols 42 54 5.3-164 0.11 29 37 9.9-93 0.22 6.3 8.7 4.3-16.0 0.29
malic acid 390 400  138-860 0.57 260 270  163-410 1.15 74 76 37-110 1.69
succinic acid 500 640  53-2200 0.83 270 280 100-610 1.23 26 28 8.5-48 0.69

100 8
80
| 6
60—
RA

%

Time, min

Fig. 1. GC/MS total ion chromatogram (TIC) obtained for a fine daytime HVDS filter sample collected during the transition period (26—
27 October). (1)xis-2-methyl-1,3,4-trihydroxy-1-butene; (2) 3-methyl-2,3,4-trihydroxy-1-butene;trg8)s-2-methyl-1,3,4-trihydroxy-1-
butene; (4) malic acid; (5) 2-methylerythritol; (6) 2-methylthreitol; (7) mannosan; (8) levoglucosan; (9) 1,6-aphpdgiucofuranose;

(10) arabitol; and (11) mannitol.

boundary layer. This concentration effect is due to evolu- Figure 3 shows levoglucosan carbon as a percentage of
tion of the boundary layer, which is much thinner at night, the OC. It is clear that levoglucosan contributes more to the
as a result of decreased vertical mixing and dilution (FishOC during the night, on average 3t£10.9% at night versus

et al.,, 2004; Rissler et al., 2006). An additional explana-1.84+ 0.7% during the daytime. This diel variation can be
tion for the higher nighttime concentrations of levoglucosanexplained by a different combustion stage with flaming com-
is photochemical degradation during daytime. In this respectbustion taking place during daytime when fires are started
it has recently been shown that levoglucosan decays upon and smoldering combustion resulting in a less complete ox-
time-scale relevant to particle lifetimes by heterogeneous OHdation of biomass dominating at night, as has been dis-
radical-initiated oxidation (Hoffmann et al., 2010; Hennigan cussed in more detail by Schkolnik et al. (2005). Our re-
etal., 2010). sults can also be compared with those of Gao et al. (2003)

www.atmos-chem-phys.net/10/9319/2010/ Atmos. Chem. Phys., 10, 93392010
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Fig. 2. Time series for fine PM (P}, and for OC, EC, and levoglucosan in the fine filters of the HVDS samples.

6
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Sample (D = Day; N = Night)

Fig. 3. Time series for the levoglucosan carbon as percent of the fine OC in the HVDS samples. Samples 1N through 29N are from the dry
period, 30 through 48D from the transition period, and 49N through 55 from the wet period.

for smoke aerosol from the SAFARI 2000 experiment in OC (WIOC =0C— WSOC), which can be considered as a
southern Africa, which showed that certain organic speciegough proxy for non-SOA OC. Following this procedure, we
including levoglucosan are more enriched in smoke aerososee that levoglucosan carbon (be it that it is itself water-
from the smoldering than the flaming phase. In addition, thesoluble) represents only a slightly larger percentage of the
diel variation of levoglucosan can to some extent also be ex\WIOC fraction during night than during the day, i.e., on av-
plained by photochemical degradation of levoglucosan durerage 8.6 2.1% at night versus 6# 2.6% during the day-

ing daytime (Hoffmann et al., 2010; Hennigan et al., 2010).time. This night/day difference is (in relative terms; the ratio
However, the data obtained within this field study do not al- between the two percentages is 1.34) substantially smaller
low to determine which of the two processes, i.e., the com-than that found for the difference in the percentage of lev-
bustion stage or the photochemical degradation of levoglu-oglucosan carbon to the OC between night and day (the ratio
cosan during daytime, govern the atmospheric concentrabetween the two percentages is here 1.72). It may well be
tions of levoglucosan, since flaming combustion which is that only the difference in levoglucosan carbon to the WIOC
prevalent during daytime is in itself a highly oxidative pro- between day and night is attributable to further oxidation of
cess. We also examined the diel variation of levoglucosan byevoglucosan during the daytime.

expressing its carbon as a percentage of the water-insoluble
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Fig. 4. Mass-size distributions of selected polar organic marker compounds and the PM during the 17 September@)a2dayght(b)
of the dry period, a 24-h sampling on 17 October 2002 of the transition p@rjpdnd a 48-h sampling, 10-12 November 2002, of the wet

period(d).

Figure 4a—d present typical size distributions of the by a lack of pre-existing fine aerosol surface that is required
PM and levoglucosan, as well as of malic acid, the 2-for condensation of biomass smoke and by the hydrophilic
methyltetrols, mannitol and arabitol, for the dry, transition, properties of levoglucosan that facilitates its adsorption on
and wet periods of the LBA-SMOCC 2002 campaign. Otherthe wet surface of coarse biological particles. A similar size
indicator compounds such as glucose, fructose, erythritoldistribution as ours for levoglucosan during the dry period
galactosan, and mannosan were also detected. However,veas reported by Blazset al. (2003) for the LBA-EUSTACH
detailed examination of those compounds was not performed 999 dry season experiment at the same site.
since they correspond to minor compounds; some of them
(galactosan and mannosan) are known to accompany thg 2.2 Malic acid, 2-methyltetrols and G-alkene triols
emission of levoglucosan (Shafizadeh, 1984). It can be seen
that the mass size distribution of the PM depends strongly Ofkigure 5 shows the time series of malic acid, the 2-
the period: during the dry period most of the PM is in the ethyitetrols and the §alkene triol derivatives of isoprene
fine mode (Fig. 4a and b), while in the transition period a[sum of 2-methyl-1,3,4-trinydroxy-1-butenei§ and trang)
substantial fraction of it is in the coarse mode (Fig. 4c), and;nq 3-methyl-2,3,4-trihydroxy-1-butene]. The time series
in the wet period the coarse mode has become more abundagf mgjic acid and the 2-methyltetrols are quite different
than the fine one (Fig. 4d). Furthermore, it can be noted thaf.om those of levoglucosan (Fig. 3), consistent with differ-
there is a clear difference in the day- and nighttime massn; aerosol sources or source processes. It can be seen that
size distributions for the dry period with a more pronouncedhe concentrations of both malic acid and the 2-methyltetrols
coarse mode at night than during daytime. Levoglucosan fol-ye higher in the dry and transition periods than in the wet
lows quite closely the PM and is mainly associated with th_eperiod. The mass-size distributions of malic acid (Fig. 4a—d)
fine size mode, except in the wet period where it peaks ingnoyy that it follows quite closely that of levoglucosan; it is
the coarse mode. The latter phenomenon can be explaingd4inly associated with the fine size mode, except in the wet
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Fig. 5. Time series for malic acid, 2-methyltetrols (2-methylthreitol and 2-methylerythritghalkene triol derivatives of isoprene (sum
of 2-methyl-1,3,4-trihydroxy-1-buteneig andtrans) and 3-methyl-2,3,4-trihydroxy-1-butene) and polyols (sum of arabitol, mannitol, and
erythritol) in the fine filters of the HVDS samples.

period where it is also more abundant in the coarse mode. It can be seen in Fig. 5 that the 2-methyltetrols, 2-
The similar behaviors of levoglucosan and malic acid suggesimethylthreitol and 2-methylerythritol, closely follow each
the same aerosol formation process, namely, condensation ather. The ratio between thihreo and erythro isomers
low-volatile organic vapors that are either emitted during de-was on average 0.30 and a statistically significant correla-
forestation fires by a high temperature process (in the caséon was found between thent £ 0.94), consistent with

of levoglucosan) or formed by photooxidation of biogenic their formation through the same aerosol formation process,
emissions and vapors released during the fires (in the caseamely, photooxidation of isoprene. The ratiwederythro

of malic acid). The different size distributions of malic acid of 0.30 compares well with the ratio of between 0.33 and
and levoglucosan during the wet season, where both comd.58 found for aerosol (Ppk, PM1, or total aerosol) col-
pounds are mainly associated with the coarse size mode, cdacted at other forested sites (e.g., 0.37, lon et al., 2005;
be explained by a lack of fine aerosol surface onto which0.40, Cahill et al., 2006; 0.48, Kourtchev et al., 2008a; 0.33,
low-volatile organic vapors can condense. As to the originClements and Seinfeld, 2007; 0.58, Xia and Hopke, 2006;
of malic acid, it has been proposed that it is formed from 0.41, Kourtchev et al., 2008b). The higher concentrations
C. (n <6) semivolatile carboxylic acids, i.e., further pho- of the 2-methyltetrols during the dry and transition peri-
tooxidation of succinic acid (Kawamura and Gagosian, 1990;0ds compared to the wet period can in part be explained
Kawamura and lkushima, 1993), which in the present casdy a difference in the acidity of the aerosol. Smog cham-
can be explained by daytime photooxidation of semivolatile ber studies with isoprene (Edney et al., 2005; Surratt et al.,
carboxylic acids that are emitted during biomass burning2007a, b) as well as field studies (Kourtchev et al., 2008a;
(Kundu et al., 2010). A fairly good correlation was found Lewandowski et al., 2007) have demonstrated that the for-
between the concentrations of malic and succinic acid durmation of 2-methyltetrols is strongly affected by the acidity
ing the dry and transitions periods= 0.76), supporting that  of the aerosol. It is noted that during the LBA-SMOCC 2002
both tracers have the same aerosol source and are formexkperiment the mixing ratios of the acidic trace gases HNO
through photooxidation of C(n < 6) semivolatile carboxylic and SQ were considerably higher during the dry and tran-
acids. Itis noted that an even better correlatioa: 0.92) be-  sition periods than the wet period, and that the same trends
tween the concentrations of malic and succinic acid has beewere found for aerosol NDand S(j‘ anions showing max-
reported for PM s aerosols collected from K-puszta, Hun- ima of 1.25 ppb and 0.6 ppb, respectively (Trebs et al., 2004).
gary, during a 2003 summer period (Kourtchev et al., 2009).In addition, the higher concentrations of the 2-methyltetrols
As can be seen in Fig. 5, malic acid does not reveal a dieduring the dry and transition periods compared to the wet
variation; this behavior of malic acid has been noted in pre-period may in part be explained by differences in the emis-
vious field studies such as, for example, during a 2003 sumsion rate of isoprene, the N@oncentration and the removal
mer campaign in K-puszta, Hungary (lon et al., 2005), andby wet deposition. As to seasonal variations in the emission
has been explained by its formation from both anthropogenicate of isoprene in the Amazon basin, only slightly higher
and biogenic sources over a relatively long time scale. emissions in the dry than in the wet season were measured
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(i.e., at National Forest of the Tapajos mean isoprene mixings strongly affected by the RH. The mass size distributions
ratios were 2.8:0.9ppb, 1.4:0.5ppb and 1.1.2ppb in  of the 2-methyltetrols (Fig. 4a—d) show that they have the
the dry, transition, and wet periods, respectively, Trostdorfsame pattern as those of levoglucosan and malic acid, and
et al., 2004), so that other factors such as the aerosol acicare mainly associated with the fine size mode during the dry
ity, the NQ, concentration and wet deposition mainly deter- and transition periods. However, it is noted that the mass
mine the concentrations of the 2-methyltetrols. As to sea-size distributions of the 2-methyltetrols are distinctly differ-
sonal variations in the NQOconcentration, substantial differ- ent from those of levoglucosan and malic acid during the wet
ences were reported by Trebs et al. (2006), who measuregeriod, where the 2-methyltetrols remain associated with the
median NQ mixing ratios in the dry, transition, and wet fine size mode. The latter behavior of the 2-methyltetrols is
periods of 4.6 ppb, 3.0 ppb, and 0.9 ppb, respectively. It isconsistent with an aerosol formation process that is differ-
very likely that the 2-methyltetrol concentrations were alsoent from that for levoglucosan and malic acid; in the case
affected by the N concentration, since NQOis known to  of the 2-methyltetrols a heterogeneous process is suggested,
play a role in their formation (Sato, 2008; Szmigielski et al., while that for levoglucosan and malic acid involves con-
2010). During the dry period, the 2-methyltetrol concentra-densation of low-volatile organic vapors onto pre-existing
tions show a clear diel variation with highest concentrationsaerosol particles. Thegzalkene triols in the MOUDI sample
during daytime. This is in accordance to observations madesets from the dry and transition periods were below the de-
for aerosol (PM or PMy5) from other forested sites (lon tection limit, but could be measured in the fine size fractions
et al., 2005; Plewka et al., 2006; Kourtchev et al., 2008a),of the wet period MOUDI sample set, where their concentra-
where a diel pattern was found for the 2-methyltetrol con-tions were about 20% of those of the 2-methyltetrols (results
centrations with maxima during daytime, which is consistentnot shown).

with their fast photochemical formation from locally emitted  Both the 2-methyltetrols and s@alkene triols are iso-
isoprene. The 2-methyltetrols were poorly correlated withprene SOA tracers under low-NCconditions (Surratt et
malic acid ¢ = 0.55), as could be expected since they haveal., 2006; Kleindienst et al., 2009); the formation of 2-
a different aerosol source. No conclusions could be madenethyltetrols can be explained by acid-catalyzed degradation
regarding diel variations in the 2-methyltetrol concentrationsof Cs-trinydroxyhydroperoxides (Kleindienst et al., 2009)
during the transition and wet periods, since there were notnd/or G-epoxydiols (Paulot et al., 2009; Surratt et al.,
sufficient day/night samples taken during these periods. Ir2010), while that of the &alkene triols can be explained
addition to the 2-methyltetrols, theslkene triols were de- by acid-catalyzed degradation ofs-@poxydiols (Wang et
tected at significant concentrations during the dry and tran-al., 2005; Surratt et al., 2010). It is noted that during the
sition periods, and also exhibited higher concentrations durdry and transition periods of the LBA-SMOCC campaign
ing daytime. The latter photooxidation products of isoprenethe NQ, mixing ratios were in the 1-5 ppb range (Trebs et
have been reported at high concentrations iniRiMrosol  al., 2006), which can be considered as an intermediatg NO
from a boreal forest site, Hyyila, southern Finland, dur- regime, suggesting that thes@lkene triols may not be as
ing 2004 and 2005 summer periods (Kourtchev et al., 2005unique to low-NQconditions as originally thought (Surratt
2008a), especially during an episode that was characterizegt al., 2006). It can be seen that the size distribution observed
by a higher acidity. The percentage concentration ratigs C during the wet season for the 2-methyltetrols (Fig. 4d) dif-
alkene triols/2-methyltetrols were 28%, 31%, and 20% forfers from that of other polar compounds that partition from
the dry, transition, and wet periods of the LBA-SMOCC the gas to the particle phase such as levoglucosan and malic
campaign, respectively, and are thus higher than the peracid. A possible explanation is that only the freshly gener-
centage ratios of less than 10% measured in laboratory isoated fine particles are sufficiently acidic to generate the 2-
prene photooxidation experiments performed in the absencenethyltetrols from their gas-phase precursors through acid-
of NOy (Kleindienst et al., 2009). Possible reasons for this catalyzed reactions. In this context, it is worth noting that
discrepancy are that the N@egimes are different under the both the 2-methyltetrols (Fig. 4a—d) and inorganic sulfate
ambient conditions and that the RH in the moist tropical at-(Fig. 4 in Fuzzi et al., 2007) are mainly associated with the
mosphere is much higher (it was, on average, 78% during thdine size mode.

SMOCC campaign) than that employed in the latter labora-

tory study (i.e.,<3%). It is worth noting that during all pe- 3.2.3 Arabitol, mannitol, and erythritol

riods of the LBA-SMOCC 2002 campaign the N@egime

cannot be regarded as a low-N©ne (<10 ppt) since the Arabitol, mannitol, and erythritol are marker compounds for
median NQ mixing ratios in the dry, transition and wet pe- airborne fungal spores (Lewis and Smith, 1967; Bieleski,
riods were 4.6 ppb, 3.0 ppb and 0.9 ppb, respectively (Treb4982) that are expected to be mainly associated with the
et al., 2006). With respect to the effect of the RH, it has coarse aerosol (Matthias-Maser and Jaenicke, 1995; Bauer
been reported in a recent laboratory study in the absencet al., 2002a, b). However, together with fungal spores also
of NOy (considered as low-NQ by Surratt et al. (2010) fragments may be released from moldy surfacesr§ et
that the concentration ratios€alkene triols/2-methyltetrols al., 2002), explaining why these polyols are also present in
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the PMys HVDS samples, as has been reported in previ-ture site (on average 250 ngthduring the dry period versus
ous studies (Graham et al., 2003; Yttri et al., 2007). Thel57 ng nT2 during the transition period and 52 ngthdur-
time series for the polyols (arabitol, mannitol, and erythri- ing the wet period) and the seasonal differences were mainly
tol) (Fig. 5) reveals little variation throughout the dry, transi- attributed to differences in the acidity of the aerosols, the
tion, and wet periods of the LBA-SMOCC 2002 campaign, NOy concentration and wet deposition. In addition, during
as could be expected for these compounds since the huhe dry period clear diel variations were observed for the iso-
mid tropical rain forest remains active throughout the whole prene oxidation products with a daytime prevalence, which
year in producing fungal material. In addition, no clear is consistent with their fast formation from locally emitted
day/night variations could be noted for their Pblconcen-  isoprene. In size-segregated samples, malic acid and the 2-
trations (Fig. 5). methyltetrols exhibited a different distribution pattern. While
The mass size distributions of arabitol and mannitol the 2-methyltetrols were found to be mainly associated with
(Fig. 4a—d) show that they have similar patterns and areghe fine mode during all periods, malic acid was found to
mainly associated with the coarse mode. The day- and nightbe prevalent in the fine mode only during the dry and tran-
time data for samplings in the dry period (Fig. 4a and b) showsition periods and in the coarse mode during the wet pe-
that the concentrations of arabitol and mannitol are about twagiod, indicating that the aerosol formation processes for those
times higher at night than during daytime, consistent with species are distinctly different. The unique behavior of the 2-
observations made by Graham et al. (2003) during the LBA-methyltetrols is explained by heterogeneous chemistry, likely
CLAIRE 2001 wet season campaign on the coarse size fracivolving acid-catalyzed degradation of their gas-phase pre-
tions of HVDS samples. These day/night differences havecursors onto an acidic particle surface. Marker compounds
been explained by a nocturnal increase in wet spore discharder airborne fungi included arabitol, mannitol, and erythritol.
ing fungi such as\scomycotandBasidiomycotgElbert et The sum of these polyols in P during the dry, transition,
al., 2007); an alternative explanation for this phenomenonand wet periods was, on average, 54 ngn84 ng nt3, and
however, is trapping of the released fungal material unde27 ngnt3, respectively and revealed minor day/night vari-
the shallow nocturnal boundary layer. The mass size distri-ation. The mass size distributions of arabitol and mannitol
butions of arabitol and mannitol for the 48-h sampling during during all periods showed similar patterns and an association
the wet period (Fig. 4d) clearly show a tail into the fine size with the coarse mode, which is consistent with their primary
mode, suggesting an enhanced release of fungal fragmengource origin.
from the biota during this period compared to the transi-
tl.on.and dry periods. Slzg-fractlonated aer.080| data revealin ork of the Smoke, Aerosols, Clouds, Rainfall, and Climate
similar patterns for arabitol and/or mannitol were reported(SMOCC) project, a European contribution to the Large-Scale
for samples from a rural meadow site "f‘ Mglpltz, Gefma”Y Biosphere-Atmosphere Experiment in Amazonia (LBA). It was
(Carvalho etal., 2003) and from urban sites in Norway (Y1tri financially supported by the Environmental and Climate Program
et al., 2007), where arabitol and/or mannitol clearly peakedof the European Commission (contract No. EVK2-CT-2001-00110
in the coarse mode between 1.3 and 4.2 um, which is the sizeMOCC), the Max Planck Society (MPG), the Belgian Federal
range for spores of typical airborne fungal strains (Bauer etScience Policy Office through the project “Characterization
al., 2002b). and sources of carbonaceous atmospheric aerosols” (contracts
EV/06/11B and EV/02/11A), a postdoctoral visiting fellowship
to V. Pashynska within the programme to promote collabora-
tion between researchers of Central and Eastern Europe and
of Belgium, the Fund for Scientific Research — Flanders, the

Sources, source processes, time series, diel variations ar'fgf ndago de Ampara Pesquisa do Estado d&dPaulo, and the
’ P ! ' ’ onselho Nacional de Desenvolvimento Cifiod (Instituto do

size distributions of organic marker compounds were inves v anio LBA). We thank all members of the LBA-SMOCC and

tigated for carbonaceous aerosols that were collected duringga.RACCI Science Teams for their support during the field cam-
the LBA-SMOCC field experiment, conducted in Romi,  paign, especially A. C. Ribeiro, M. A. L. Moura and J. von Jouanne.

Brazil, in 2002 during dry, intermediate, and wet periods.

During all three periods levoglucosan was found to be theEdited by: A. Chen
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up to 7.5 pg M2 during the dry period, which was charac-

terized by intense deforestation fires. During the dry pe-References

riod, levoglucosan exhibited diel variations with a nighttime Andreae, M. O.. Artaxo, P., Bradd, C., Carswell. F. E.. Cicci-
prevalence. In the size-segregated samples, levoglucosan oli, P., da Costa, A. L., Culf, A. D., Esteves, J. L., Gash, J. H.
was found to be closely associated with the PM and mainly ¢ Grace, J., Kabat, P., Lelieveld, J., Malhi, Y., Manzi, A. O.,
found in the fine mode, except during the wet period, where peixner, F. X., Nobre, A. D., Ruivo, M. d. L. P., Silva-Dias, M.
it peaked in the coarse mode. Isoprene oxidation products A., Stefani, P., Valentini, R., von Jouanne, J., and Waterloo, M.
were found to be important species in PMat this pas- J.: Biogeochemical cycling of carbon, water, energy, trace gases,

cknowledgementsThis work was carried out within the frame-

4 Conclusions

Atmos. Chem. Phys., 10, 9319331, 2010 www.atmos-chem-phys.net/10/9319/2010/



M. Claeys et al.: Polar organic marker compounds in atmospheric aerosols

and aerosols in Amazonia: The LBA-EUSTACH experiments, J.
Geophys. Res., 107, 8066, doi:10.1029/2001JD000524, 2002.

Andreae, M. O., Rosenfeld, D., Artaxo, P., Costa, A. A., Frank, G.
P., Longo, K. M., and Silva-Dias, M. A. F.: Smoking rain clouds
over the Amazon, Science, 303, 1337-1342, 2004.

9329

fenberg, J. H., Wang, W., and Claeys, M.: Formation of 2-methyl
tetrols and 2-methylglyceric acid in secondary organic aerosol
from laboratory irradiated isoprene/NGO,/air mixtures and
their detection in ambient P)samples collected in the eastern
United States, Atmos. Environ., 39, 5281-5289, 2005.

Baker, H. G., Baker, I., and Hodges, S. A.: Sugar composition ofElbert, W., Taylor, P. E., Andreae, M. O., andgehl, U.: Contribu-
nectars and fruits consumed by birds and bats in the tropics and tion of fungi to primary biogenic aerosols in the atmosphere: wet

subtropics, Biotropica, 30, 559-586, 1998.
Bartolozzi, F., Bertazza, G., Bassi, D., and Cristofori, G.: Si-

and dry discharged spores, carbohydrates, and inorganic ions, At-
mos. Chem. Phys., 7, 4569-4588, doi:10.5194/acp-7-4569-2007,

multaneous determination of soluble sugars and organic acids 2007.
as their trimethylsilyl derivatives in apricot fruits by gas-liquid Facchini, M. C., Mircea, M., Fuzzi, S., and Charlson, R. J.: Cloud

chromatography, J. Chromatogr. A, 758, 99-107, 1997.
Bauer, H., Kasper-Giebl, A.,dflund, M., Giebl, H., Hitzenberger,

albedo enhancement by surface-active organic solutes in growing
droplets, Nature, 401, 257—-259, 1999.

R., Zibuschka, F., and Puxbaum, H.: The contribution of bacteriaFalkovich, A. H., Graber, E. R., Schkolnik, G., Rudich, Y., Maen-

and fungal spores to the organic carbon content of cloud water,
precipitation and aerosols, Atmos. Res., 64, 109-119, 2002a.

Bauer, H., Kasper-Giebl, A., Zibuschka, F., Hitzenberger, R., Kraus,
G. F., and Puxbaum, H.: Determination of the carbon content of
airborne fungal spores, Anal. Chem., 74, 91-95, 2002b.

Bieleski, R. L.: Sugar alcohols, in: Encyclopedia of Plant Physi-
ology, volume 13A, Plant Carbohydrates, volume I, Intracellular
Carbohydrates, edited by: Loewis, A. and Tanner, W., Springer-
Verlag, Berlin, 158-170, 1982.

Birch, M. E. and Cary, R. A.: Elemental carbon-based method for
monitoring occupational exposures to particulate diesel exhaust,
Aerosol Sci. Technol., 25, 221-241, 1996.

Blaz®, M., Janitsek, S., Gelenes A., Artaxo, P., Graham, B.,
and Andreae, M. O.: Study of tropical organic aerosol by ther-

mally assisted alkylation-gas chromatography mass spectrome-

try, J. Anal. Appl. Pyrol., 68/69, 351-369, 2003.
Boge, O., Miao, Y., Plewka, A., and Herrmann, H.: Formation of

haut, W., and Artaxo, P.: Low molecular weight organic acids
in aerosol particles from Roldia, Brazil, during the biomass-
burning, transition and wet periods, Atmos. Chem. Phys., 5, 781—
797, doi:10.5194/acp-5-781-2005, 2005.

Fisch, G., Tota, J., Machado, L. A. T., Dias, M., Lyra, R. F. D.,

Nobre, C. A., Dolman, A. J., and Gash, J. H. C.: The convec-
tive boundary layer over pasture and forest in Amazonia, Theor.
Appl. Climatol., 78, 47-59, 2004.

Fuzzi, S., Decesari, S., Facchini, M. C., Cavalli, F., Emblico, L.,

Mircea, M., Andreae, M. O., Trebs, I., Hoffer, A., Guyon, P.,
Artaxo, P., Rizzo, L. V., Lara, L. L., Pauliquevis, T., Maenhaut,
W., Raes, N., Chi, X., Mayol-Bracero, O. L., Soto-GarcL.,
Claeys, M., Kourtchey, I., Rissler, J., Swietlicki, E., Tagliavini,
E., Schkolnik, G., Falkovich, A. H., Rudich, Y., Fisch G., and
Gatti, L. V.: Overview of the inorganic and organic composition
of size-segregated aerosol in Réndx, Brazil, from the biomass
burning period to the onset of the wet season, J. Geophys. Res.,

secondary organic particle phase compounds from isoprene gas- 112, D01201, doi:10.1029/2005JD006741, 2007.
phase oxidation products: an aerosol chamber and field studyGao, S., Hegg, D. A., Hobbs, P. V., Kirchstetter, T. W., Magi,

Atmos. Environ., 40, 2501-2509, 2006.

Cahill, T. M., Seaman, V. Y., Charles, M. J., Holzinger, R., and
Goldstein, A. H.: Secondary organic aerosols formed from ox-
idation of biogenic volatile organic compounds in the Sierra

B. I., and Sadilek, M.: Water-soluble organic components in
aerosols associated with savanna fires in southern Africa: identi-
fication, evolution, and distribution, J. Geophys. Res., 108, 8491,
doi:10.1029/2002JD002324, 2003.

Nevada Mountains of California, J. Geophys. Res., 111, D16312Gorny, R. L., Reponen, T., Willeke, K., Robine, E., Boissier, M.,

doi:10.1029/2006JD007178, 2006.
Carvalho, A., Pio, C., and Santos, C.: Water-soluble hydroxylated

and Grinshpun, S. A.: Fungal fragments as indoor biocontami-
nants, Appl. Environ. Microbiol., 68, 3522—3531, 2002.

organic compounds in German and Finnish aerosols, Atmos. EnGraham, B., Mayol-Bracero, O. L., Guyon, P., Roberts, G. C.,

viron., 37, 1775-1783, 2003.

Claeys, M., Graham, B., Vas, G., Wang, W., Vermeylen, R., Pashyn-
ska, V., Cafmeyer, J., Guyon, P., Andreae, M. O., Artaxo, P., and
Maenhaut, W.: Formation of secondary organic aerosols through
photooxidation of isoprene, Science, 303, 1173-1176, 2004.

Decesari, S., Facchini, M. C., Artaxo, P., Maenhaut, W5JIK

P., and Andreae, M. O.: Water-soluble organic compounds
in biomass burning aerosols over Amazonia: 1. Characteri-
zation by NMR and GC-MS, J. Geophys. Res., 107, 8047,
doi:10.1029/2001JD000336, 2002.

Clements, A. and Seinfeld, J. H.: Detection and quantification of Graham, B., Guyon, P., Taylor, P. E., Artaxo, P., Maenhaut, W.,

2-methyltetrols in ambient aerosol in the southeastern United
States, Atmos. Environ., 41, 1825-1830, 2007.

Decesari, S., Fuzzi, S., Facchini, M. C., Mircea, M., Emblico, L.,
Cavalli, F., Maenhaut, W., Chi, X., Schkolnik, G., Falkovich,

Glovsky, M. M., Flagan, R. C., and Andreae, M. O.: Organic
compounds present in the natural Amazonian aerosol: character-
ization by gas chromatography-mass spectrometry, J. Geophys.
Res., 108, 4766, doi:10.1029/2003JD003990, 2003.

A., Rudich, Y., Claeys, M., Pashynska, V., Vas, G., Kourtchev, Hennigan, C. J., Sullivan, A. P., Collett, J. L., and Robinson,

I., Vermeylen, R., Hoffer, A., Andreae, M. O., Tagliavini, E.,
Moretti, F., and Artaxo, P.: Characterization of the organic com-
position of aerosols from Roldia, Brazil, during the LBA-

A. L.: Levoglucosan stability in biomass burning particles ex-
posed to hydroxyl radicals, Geophys. Res. Lett., 37, L09806,
doi:10.1029/2010GL043088, 2010.

SMOCC 2002 experiment and its representation through modeHoffmann, D., Tilgner, A., linuma, Y., and Herrmann, H.: Atmo-

compounds, Atmos. Chem. Phys., 6, 375-402, doi:10.5194/acp-
6-375-2006, 2006.

spheric stability of levoglucosan: A detailed laboratory and mod-
eling study, Environ. Sci. Technol., 44, 694—699, 2010.

Edney, E. O., Kleindienst, T. E., Jaoui, M., Lewandowski, M., Of- lon, A. C., Vermeylen, R., Kourtcheyv, I., Cafmeyer, J., Chi, X., Ge-

www.atmos-chem-phys.net/10/9319/2010/

Atmos. Chem. Phys., 10,9339-2010



9330 M. Claeys et al.: Polar organic marker compounds in atmospheric aerosols

lencer, A., Maenhaut, W., and Claeys, M.: Polar organic com-  taxo, P.: Water-soluble organic compounds in biomass burning
pounds in rural PM 5 aerosols from K-puszta, Hungary, during aerosols over Amazonia: 2. Apportionment of the chemical com-
a 2003 summer field campaign: Sources and diel variations, At- position and importance of the polyacidic fraction, J. Geophys.
mos. Chem. Phys., 5, 1805-1814, doi:10.5194/acp-5-1805-2005, Res., 107, 8091, doi:10.1029/2001JD000522, 2002.
2005. Mircea, M., Facchini, M. C., Decesari, S., Cavalli, F., Emblico, L.,
Kawamura, K. and Gagosian, R. B.: Mid-chain ketocarboxylic  Fuzzi, S., Vestin, A., Rissler, J., Swietlicki, E., Frank, G., An-
acids in the remote marine atmosphere: Distribution patterns and dreae, M. O., Maenhaut, W., Rudich, Y., and Artaxo, P.: Impor-
possible formation mechanisms, J. Atmos. Chem., 11, 107-122, tance of the organic aerosol fraction for modeling aerosol hygro-
1993. scopic growth and activation: a case study in the Amazon Basin,
Kawamura, K. and Ikushima, K.: Seasonal changes in the distribu- Environ. Sci. Technol., 5, 3111-3126, 2005.
tion of dicarboxylic acids in the urban atmosphere, Environ. Sci. Mochida, M. and Kawamura, K.: Hygroscopic properties of
Technol., 27, 2227-2235, 1993. levoglucosan and related organic compounds characteristic to
Kleindienst, T. E., Lewandowski, M., Offenberg, J. H., Jaoui, M., biomass burning aerosol particles, J. Geophys. Res., 109,
and Edney, E. O.: The formation of secondary organic aerosol D21202, doi:10.1029/2004JD004962, 2004.
from the isoprene + OH reaction in the absence ofxN®t- Nolte, C., Schauer, J. J., Cass, G. R., and Simoneit, B. R. T.: Highly
mos. Chem. Phys., 9, 6541-6558, doi:10.5194/acp-9-6541-2009, polar organic compounds present in wood smoke and in the am-
20009. bient atmosphere, Environ. Sci. Technol., 35, 1912-1919, 2001.
Kourtchev, I., Ruuskanen, T., Maenhaut, W., Kulmala, M., Novakov, T. and Penner, J. E.: Large contribution of organic
and Claeys, M.: Observation of 2-methyltetrols and related aerosols to cloud-condensation-nuclei, Nature, 365, 823-826,
photo-oxidation products of isoprene in boreal forest aerosols 1993.
from Hyytiala, Finland, Atmos. Chem. Phys., 5, 2761-2770, Novakov, T. and Corrigan, C. E.: Cloud condensation nucleus activ-
doi:10.5194/acp-5-2761-2005, 2005. ity of the organic component of biomass smoke particles, Geo-
Kourtchev, I., Ruuskanen, T. M., Keronen, P., Sogacheva, L., Dal phys. Res. Lett., 23, 2141-2144, 1996.
Maso, M., Reissell, A., Chi, X., Vermeylen, R., Kulmala, M., Pacini, E.: From anther and pollen ripening to pollen presentation,
Maenhaut, W., and Claeys, M.: Determination of isoprene and Plant Sys. Evol., 222, 19-43, 2000.
a-/B-pinene oxidation products in boreal forest aerosols from Pashynska, V., Vermeylen, R., Vas, G., Maenhaut, W., and Claeys,
Hyytiala, Finland: diel variations and possible link with particle M.: Development of a gas chromatography/ion trap mass spec-
formation events, Plant Biology, 10, 138-149, 2008a. trometry method for determination of levoglucosan and saccha-
Kourtchey, I., Warnke, J., Maenhaut, W., Hoffmann, T., and Claeys, ridic compounds in atmospheric aerosols: Application to urban
M.: Polar organic marker compounds in PM2.5 aerosol from a  aerosols, J. Mass Spectrom., 37, 1249-1527, 2002.
mixed forest site in western Germany, Chemosphere, 73, 1309-Paulot, F., Crounse, J. D., Kjaergaard, H. Girt€n, A., St. Clair,
1314, 2008b. J. M., Seinfeld, J. H., and Wennberg, P. O.: Unexpected epoxide
Kourtchey, 1., Copolovici, L., Claeys, M., and Maenhaut, W.: Char-  formation in the gas-phase photooxidation of isoprene, Science,
acterization of aerosols at a forested site in central Europe, Env- 325, 730-733, 2009.
iron. Sci. Technol., 43, 4665-4671, 2009. Plewka, A., Gnauk, T., RBrggeman, E., and Herrmann, H.: Biogenic
Kubatowa, A., Vermeylen, R., Claeys, M., Cafmeyer, J., Maenhaut, contribution to the chemical composition of airborne particles
W., Roberts, G., and Artaxo, P.. Carbonaceous aerosol charac- in a coniferous forest in Germany, Atmos. Environ., 40, S103—
terization in the Amazon basin, Brasil: novel dicarboxylic acids  S115, 2006.
and related compounds, Atmos. Environ., 34, 5037-5051, 2000Rissler, J., Vestin, A., Swietlicki, E., Fisch, G., Zhou, J., Artaxo,
Kundu, S., Kawamura, K., Andreae, T. W., Hoffer, A., and An-  P., and Andreae, M. O.: Size distribution and hygroscopic prop-
dreae, M. O.: Molecular distributions of dicarboxylic acids, erties of aerosol particles from dry-season biomass burning in
ketocarboxylic acids andr-dicarbonyls in biomass burning Amazonia, Atmos. Chem. Phys., 6, 471-491, doi:10.5194/acp-
aerosols: implications for photochemical production and degra- 6-471-2006, 2006.
dation in smoke layers, Atmos. Chem. Phys., 10, 2209-2225Roberts, G. C., Artaxo, P., Zhou, J., Swietlicki, E., and Andreae, M.
doi:10.5194/acp-10-2209-2010, 2010. O.: Activity of CCN spectra on chemical and physical properties
Lewandowski, M., Jaoui, M., Kleindienst, T. E., Offenberg, J. H.,  of aerosol: a case study from the Amazon basin, J. Geophys.
and Edney, E. O.: Composition of B during the summer of Res., 107, 8070, doi:10.1029/2001JD000583, 2002.

2003 in Research Triangle Park, North Carolina, Atmos. Envi- Rogge, W. F., Hildemann, L. M., Mazurek, M. A., Cass, G. R., and
ron., 41, 4073-4083, 2007. Simoneit, B. R. T.: Quantification of urban organic aerosols at
Lewis, D. H. and Smith, D. C.: Sugar alcohols (polyols) in fungi  a molecular level: identification, abundance and seasonal varia-

and green plants: 1. Distribution, physiology and metabolism, tion, Atmos. Environ., 27, 1309-1330, 1993.

New Phytol., 66, 143-184, 1967. Sato, K.: Detection of nitrooxypolyols in secondary organic aerosol
Limbeck, A. and Puxbaum, H.: Organic acids in continental back- formed from the photooxidation of conjugated dienes under
ground aerosols, Atmos. Environ., 33, 1847-1852, 1999. high-NGOy conditions, Atmos. Environ., 42, 6851-6861, 2008.
Matthias-Maser, S. and Jaenicke, R.: Size distribution of primaryShafizadeh, F.: The chemistry of pyrolysis and combustion, in:
biological aerosol particles with radit 0.2 um, Atmos. Res., Chemistry of Solid Wood, Rowell, R. (Ed), Advances in Chem-

39, 279-286, 1995. istry Series 207, American Chemical Society, Washington DC,

Mayol-Bracero, O. L., Guyon, P., Graham, B., Roberts, G. C., An- 489-529, 1984.
dreae, M. O., Decesari, S., Facchini, M. C., Fuzzi, S., and Ar-Solomon, P. A., Moyers, J. L., and Fletcher, R. A.: High-volume

Atmos. Chem. Phys., 10, 9319331, 2010 www.atmos-chem-phys.net/10/9319/2010/



M. Claeys et al.: Polar organic marker compounds in atmospheric aerosols 9331

dichotomous virtual impactor for the fractionation and collection Trebs, I., Meixner, F. X., Slanina, J., Otjes, R., Jongejan, P., and

of particles according to aerodynamic size, Aerosol Sci. Tech- Andreae, M. O.: Real-time measurements of ammonia, acidic

nol., 2, 455-464, 1983. trace gases and water-soluble inorganic aerosol species at a ru-
Schkolnik, G., Falkovich, A. H., Rudich, Y., Maenhaut, W., and Ar- ral site in the Amazon Basin, Atmos. Chem. Phys., 4, 967—-987,

taxo, P.: New analytical method for the determination of levoglu-  doi:10.5194/acp-4-967-2004, 2004.

cosan, polyhydroxy compounds, and 2-methylerythritol and its Trebs, I., Lara, L. L., Zeri, L. M. M., Gatti, L. V., Artaxo, P., Dlugi,

application to smoke and rainwater samples, Environ. Sci. Tech- R., Slanina, J., Andreae, M. O., and Meixner, F. X.: Dry and wet

nol., 39, 2744-2752, 2005. deposition of inorganic nitrogen compounds to a tropical pas-
Shulman, M. L., Jacobson, M. C., Charlson, R. J., Synovec, R. E., ture site (Rondnia, Brazil), Atmos. Chem. Phys., 6, 447-469,

and Young, T. E.: Dissolution behavior and surface tension ef- doi:10.5194/acp-6-447-2006, 2006.

fects of organic compounds in nucleating cloud droplets, Geo-Trostdorf, C. R., Gatti, L. V., Yamazaki, A., Potosnak, M. J., Guen-

phys. Res. Lett., 23, 277-280, 1996. ther, A., Martins, W. C., and Munger, J. W.: Seasonal cycles
Simoneit, B. R. T., Schauer, J. J., Nolte, C. G., Oros, D. R., Elias, V. of isoprene concentrations in the Amazonian rainforest, Atmos.

0., Fraser, M. P., Rogge, W. F,, and Cass, G. R.: Levoglucosan, a Chem. Phys. Discuss., 4, 1291-1310, doi:10.5194/acpd-4-1291-

tracer for cellulose in biomass burning and atmospheric particles, 2004, 2004.

Atmos. Environ., 33, 173-182, 1999. Viana, M., Chi, X., Maenhaut, W., Querol, X., Alastuey, A.,
Simoneit, B. R. T.: Biomass burning — a review of organic tracers MikuSka, P., and M&¥a, Z.: Organic and elemental carbon con-

for smoke from incomplete combustion, Appl. Geochem., 17, centrations in carbonaceous aerosols during summer and winter

129-162, 2002. sampling campaigns in Barcelona, Spain, Atmos. Environ., 40,
Surratt, J. D., Murphy, S. M., Kroll, J. H., Ng, N. L., Hildebrandt, 2180-2193, 2006.

L., Sorooshian, A., Szmigielski, R., Vermeylen, R., Maenhaut, Wang, W., Kourtcheyv, I., Graham, B., Cafmeyer, J., Maenhaut, W.,

W., Claeys, M., Flagan, R. C., and Seinfeld, J. H.: Chemi- and Claeys, M.: Characterization of oxygenated derivatives of

cal composition of secondary organic aerosol formed from the isoprene related to 2-methyltetrols in Amazonian aerosols us-

photooxidation of isoprene, J. Phys. Chem. A, 110, 9665-9690, ing trimethylsilylation and gas chromatography/ion trap mass

2006. spectrometry, Rapid Commun. Mass Spectrom., 19, 1343-1351,
Surratt, J. D., Kroll, J. H., Kleindienst, T. E., Edney, E. O., Claeys, 2005.

M., Sorooshian, A., Ng, N. L., Offenberg, J. H., Lewandowski, Xia, X. and Hopke, P. K.: Seasonal variation of 2-methyltetrols

M., Jaoui, M., Flagan, R. C., and Seinfeld, J. H.: Evidence for in ambient air samples, Environ. Sci. Technol., 40, 6934—-6937,

organosulfates in secondary organic aerosol, Environ. Sci. Tech- 2006.

nol., 41, 517-527, 2007a. Yttri, K. E., Dye, C., and Kiss, G.: Ambient aerosol concentrations
Surratt, J. D., Lewandowski, M., Offenberg, J. H., Jaoui, M., Klein-  of sugars and sugar-alcohols at four different sites in Norway, At-

dienst, T. E., Edney, E. O., and Seinfeld, J. H.: Effect of acidity = mos. Chem. Phys., 7, 4267-4279, doi:10.5194/acp-7-4267-2007,

on secondary organic aerosol formation from isoprene, Environ. 2007.

Sci. Technol., 41, 5363-5369, 2007h. Zdrahal, Z., Oliveira, J., Vermeylen, R., Claeys, M., and Maenhaut,
Surratt, J. D., Chan, A. W. H., Eddingsaas, N. C., Chan M. N., Loza, W.: Improved method for quantifying levoglucosan and related

C. L., Kwan, A. J., Hersey, S. P., Flagan, R. C., Wennberg, P. 0., monosaccharide anhydrides in atmospheric aerosols and applica-

and Seinfeld, J. H., Reactive intermediates revealed in secondary tion to samples from urban and tropical locations, Environ. Sci.

organic aerosol formation from isoprene, Proc. Natl. Acad. Sci. Technol., 36, 747-753, 2002.

USA, 107, 6640-6645, 2010.
Szmigielski, R., Dommen, J., Metzger, A., Maenhaut, W.,

Baltensperger, U., and Claeys, M.: The acid effect

in the formation of 2-methyltetrols from the photooxida-

tion of isoprene in the presence of NO Atmos. Res.,

doi:10.1016/j.atmosres.2010.02.012, in press, 2010.

www.atmos-chem-phys.net/10/9319/2010/ Atmos. Chem. Phys., 10, 93392010



