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Abstract. The quantification of sources of carbonaceousground site. The comparison showed an overestimation of
aerosol is important to understand their atmospheric concenelemental carbon (EC) by the TM5 model during the dry sea-
trations and regulating processes and to study possible effecton and OC both during the dry and wet periods. The over-
on climate and air quality, in addition to develop mitigation estimation was likely due to the overestimation of biomass
strategies. burning emission inventories and SOA production over trop-
In the framework of the European Integrated Project onical areas.
Aerosol Cloud Climate Interactions (EUCAARI) fin®f <
2.5um) and coarse (2.5 pn Dy < 10 pym) aerosol particles
were sampled from February to June (wet season) and from
August to September (dry season) 2008 in the central Amal Introduction
zon basin. The mass of fine particles averaged 2.4T&ym
during the wet season and 4.2 pg¥during the dry season. Carbonaceous aerosols play a major role in aerosol cli-
The average coarse aerosol mass concentration during wétate impact, through a direct and an indirect effect on in-
and dry periods was 7.9 and 7.6 pgtnrespectively. The coming solar radiation. Carbonaceous aerosols are treated
overall chemical composition of fine and coarse mass didhere as composed by organic carbon (OC) and a strongly
not show any seasonality with the largest fraction of fine andlight-absorbing carbonaceous component that, consistently
coarse aerosol mass explained by organic carbon (OC); theith the IPCC reportIPCC 2001 we will call soot. The
average OC to mass ratio was 0.4 and 0.6 in fine and coarsacronym OC identifies carbon that composes organic molec-
aerosol modes, respectively. The mass absorbing cross sedlar species and polymeric compounds; their contribution to
tion of soot was determined by comparison of elemental caraerosol mass is defined as organic mass (OM), which in-
bon and light absorption coefficient measurements and it wa§ludes also the contribution of hydrogen, oxygen and other
equal to 4.7 rAg~1 at 637 nm. Carbon aerosol sources were €lements associated to carbon in organic molecules. Soot
identified by Positive Matrix Factorization (PMF) analysis of has a graphite-like structure and is generated by incomplete
thermograms: 44% of fine total carbon mass was assigned teombustion of organic material; this component of ambi-
biomass burning, 43% to secondary organic aerosol (SOA)ent aerosol is also referred to as elemental carbon (EC) and
and 13% to volatile species that are difficult to apportion. In€quivalent black carbon (EBC), although we should keep in
the coarse mode, primary biogenic aerosol particles (PBAP)nind that the use of one of these terms implies a differ-
dominated the carbonaceous aerosol mass. The results cofnt empirical definition Bond and Bergstrom200§. EC
firmed the importance of PBAP in forested areas. is measured by thermal-optical techniques and corresponds
The source apportionment results were employed to evallo the more refractive component of carbonaceous aerosols.
uate the ability of global chemistry transport models to simu-EBC definition is based on aerosol optical properties and it
late carbonaceous aerosol sources in a regional tropical back§ quantified by the intensity of light attenuation.
The direct effect of carbonaceous aerosols on climate is
due to scattering and absorption of sunlight, while the in-
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species on climate is quantified by their radiative forc- The Amazon basin aerosols have been studied during the
ing. The total aerosol radiative forcing is estimated to bepast decades; most of the literature data reports concentration
—0.5+0.4Wni 2, with soot having a contribution equal of elements (by PIXE analysis) and explain a limited frac-
to +0.2+0.1Wn1 2 and OC equal t0o—-0.3+0.1W 2 tion of the aerosol masg#\(taxo et al, 1990 1994 Echalar
(IPCC, 2007, Andreae and Crutzed 997 Liao et al, 2004). et al, 1998 Guyon et al. 2003 2004). Only a small num-
The large numerical uncertainties are caused by the limiteder of experiments included measurements of carbonaceous
understanding of chemical and physical properties of caraerosol Artaxo et al, 2002 Decesari et al.2006 Graham
bonaceous particles and by the difficulties to model carboret al, 2003 Soto-Garcia et al.2010. These experiments
particles on a global scalé&pldstein and Galbally2007, were carried out between 1999 and 2002, when the Amazon
Fuzzi et al, 200§. The inaccuracy of carbonaceous aerosoldeforestation rate was about 2 times larger than now. The
modeling is mainly due to the uncertainties of anthropogenicdecrease of deforestation rate together with rapid economic
and natural emission inventories, and to the description ofgrowth of South American countries require an up-dated in-
secondary organic aerosol; the large change in land use thaestigation of aerosol properties and sources.
recently affected tropical forested areas compromises even The work presented here is part of the European Integrated
more the inventory accuraciKénakidou et al.20095. Project on Aerosol Cloud Climate Interactions (EUCAARI)
Our interest in the Amazon area is due to the large con{Kulmala et al, 2009, which aims at reducing the uncertain-
tribution of South American continent to the global aerosol ties of aerosol particle effects on climate. The first part of the
carbon budget. South America is responsible for 16% of theEUCAARI project in Amazonia overlapped with the Amazo-
global soot emissions and 22% of the primary OC emissionsian Aerosol Characterization Experiment 2008 (AMAZE-
from open burning and contained combusti@od et al, 08) (Gunthe et aJ.2009 Martin et al, 201Q Poschl et al.
2004. The largest contribution comes from the open burning2010. The goal of this paper is to gain insights of proper-
that is localized in the northern part of the continent, includ- ties and sources of carbonaceous aerosol in an area that con-
ing the Amazon are&Sfreets et al2004). In addition to pri-  tributes substantially to the global budget of carbonaceous
mary carbonaceous aerosols, the Amazon contributes signifparticles. Chemical composition of fine and coarse aerosols
cantly to secondary OC through oxidation of volatile organic during 2008 wet and dry season are presented. Differently
compounds (VOC) emitted by forest vegetation. The Ama-from most of the previous studies, the chemical measure-
zon basin is an important source of carbonaceous aerosol algnents are able to describe completely the aerosol mass. Car-
on the global scale. In fact this area is characterized by an inbonaceous aerosols are characterized as OC and soot and
tense convective activity that lifts air masses towards hightheir thermal-optical properties are used to identify carbon
altitudes and allows them to be transported to long distancesources. OC and soot data are then compared to model re-
(Andreae et a).2001; Staudt et a.2001), increasing the rel-  sults to identify the weaknesses of carbon modeling in a re-
evance of the Amazon area as source of gaseous aerosol prgional background forested area, constraining the contribu-
cursors on a global scale. tion of biogenic and pyrogenic particles, to eventually reduce
Carbonaceous aerosol sources in the Amazon basin folthe uncertainty in aerosol global forcing.
low a marked seasonalityiartin et al, 2010. During the
wet season carbonaceous aerosol mass is dominated by pri-
mary biological aerosol particles (PBAP) and secondary or-2 Measurement description
ganic aerosol (SOA)Graham et al.2003 Decesari et aJ.
2008 Prenni et al.2009 Chen et al.2009. PBAP found 2.1 Aerosol sampling
in the Amazon forest include viruses, bacteria, fungi, spores,
pollen, and plant debris; their size ranges from few nanomeThe sampling site is a mostly pristine rain forest site lo-
ters to millimetersElbert et al, 2007 Graham et a).2003. cated about 60km north-northwest of Manaus (Fig. 1)
SOA represents a significant faction of fine aerosol massin the Reserva Biologica do Cuieiras in Brazil (2.5
SOA is formed by nucleation and condensation of oxida-60.209 W, 110 m above sea level, see Fig. 1). The site is
tion products of biogenic VOCs, such as isoprene and terdownwind of pristine forest for more than 2000 km, since
penes. In addition, particle-phase reactioBsr(att et al.  the prevailing winds are from the northeast, bringing Atlantic
2010 and aqueous phase oxidation of organic precursor$cean air masses over 2000 km of pristine forest (Fig. 2)
(Lim et al, 2010 from biogenic or anthropogenic sources, (Ahlm et al, 2009 Martin et al, 2010. Occasionally some
including biomass burning, could contribute to SOA forma- air masses from the south pass over the urban area of Man-
tion in the Amazon region. During the dry season (June-aus, and reach the site but with very little effects over the
November) the weather conditions facilitate ignition and dif- aerosol mass and composition over long term measurements.
fusion of fires, increasing the contribution of pyrogenic parti-  Aerosol sampling was performed under the forest canopy
cles to fine carbonaceous aerogdlyon et al.2003 Dece-  from 10 February to 5 June and from 17 August to 19
sari et al, 2006. September 2008. The first part of the sampling campaign
(February—June) corresponded to the Amazonian wet season,
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Fig. 1. EUCAARI sampling location Manaus (red cross) together

with sampling sites cited in the paper and corresponding to litera-
ture studies: Balbina, AF (Alta Floresta), Cuiaba, FNSA (Fazenda
Nossa Senhora Aparecida), DF (Ducke Forest), RBJ (Reserva Bio-

logica Jad), SDN (Serra do Navio), and ZF1 (Ducke Forest remote Longitude (Degree)
site); sites are color coded as forest (green), pasture area (brown),
and Savanna (yellow). Fig. 2. Maps indicating 7-day back-trajectories (blue points) cor-

responding to the sampling intervals during each month of the col-
lection campaign; sampling site is indicated by a white circle; red
while the second part (August—September) fell during thePoints indicate fire locations observed by MODIS.
Amazonian dry season. Figure 2 shows the back-trajectories
of air masses sampled during the different months; during the
wet period air masses came mainly from the northeast, whilgo collect the fine aerosol fraction; in fact, paper collection
the dry period was characterized by a larger variability, andsubstrate is less sensitive to volatilization losses of ammo-
the direction of back-trajectories varied from the northwest tonium nitrate Putaud et a).2002. The concentration of am-
the north to the southeast. Meteorological parameters avefonium and nitrate in the aerosol phase was then calculated
aged during the filter sampling periods are shown in Fig. 3a.as the sum of quartz and paper filter concentrations and the
Temperature did not differ significantly during the two sea- reconstructed chemical mass of fine particles included am-
sons: the average value was°Z& The average relative hu- monium and nitrate from the two substrates. Denuder units
midity clearly decreased from 85% during the wet seasorwere employed to avoid positive sampling artifacts: volatile
to 75% during the dry season, and the average precipitatio@rganic carbon was removed from the sampled air upstream
dropped from 11 mm to 5 mm per day. Rain events were obthe filter with activated carbon honeycomb denuders, while
served almost every day, both during wet and dry season. gaseous nitric acid and ammonia were removed with two
Aerosol particles were collected on 47 mm quartz filters atg|aSS denuders coated with sodium chloride and citric acid,
a flow rate of 16.7 L mint; sampling period was 72h due respectively.
to low aerosol loading. Fine particles (aerodynamic diame-
ter below 2.5um) and coarse particles (aerodynamic diam2.2 Aerosol chemical and gravimetrical analysis
eter between 2.5 and 10 um) were collected simultaneously
using a Dichotomous Partisol sampler (Rupprecht & Patashfine and coarse mode aerosol masses were determined gravi-
nick Co., Inc). Quartz filters were not baked prior to collec- metrically. Filters were weighted before and after sampling,
tion. after conditioning for 24 h at controlled temperature and rel-
Aerosol collection on quartz filters might lead to nega- ative humidity (21 2°C , 35+ 4%, on average). The mass
tive artifacts due to volatilization of ammonium nitrate and detection limit, defined as the blank mass plus three times
organic species, and to positive artifacts due to absorptiorthe blank standard deviation, was 1.1 pgdmThe high de-
of semi-volatile species, i.e. low molecular weight organicstection limit is due to the variability of quartz blank filter
(Putaud et al2004 and reference therein). To avoid negative weight; precision was about 15%. Coarse aerosol mass con-
sampling artifacts, one Whatman 41 paper filter was sam-centration was above detection limit during the entire cam-
pled simultaneously on the back of each quartz filter usedoaign, while the fraction of fine samples with detectable mass
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T expected to be associated to soil dust. Still the amount of
carbonate (less than 2% of coarse mass) was negligible com-
pared to OM (on average 83% of coarse mass) to interfere
with carbonaceous aerosol thermal-optical analysis.

As part of the quality control procedure, an aliquot of stan-
dard reference material SRM 2694 (simulated rainwater) was
analyzed simultaneously to each sample batch and the agree-
ment between certified values and measured concentrations
was verified. The ion concentration uncertainty was cal-
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=10 o showed the highest uncertainties (30%—-40%); for ammo-
é nium, calcium, and carbonate the average uncertainty ranged

between 20% and 30%, while for potassium and sulfate the

o AR . . . uncertainty was smaller than 15%. For all the species the
01/03/2008  01/05/2008  01/07/2008  01/09/2008 propagated error values was dominated by blank variability.
Date

2.3 PMF analysis of thermograms

Fig. 3. Temporal trend of relative humidity, temperature, and pre-
cipitation during the EUCAARI campaig(a), together with the  Several authors investigated Amazon aerosol sources. Some

time series of fine mass (gravimetric mass in red and chemicallyof them used tracer analysi€laeys et al.2010, that leads
reconstructed mass in black) and iMb). to a detailed identification of a certain fraction of aerosol
sources, other authoré\itaxo et al, 1990 Echalar et al.
1998 Guyon et al, 2004 used Principal Component Anal-
concentration was about 30% during the wet season and 90%sjs (PCA) and Absolute Principal Component Analysis
during the dry season. (APCA), which apportion the entire mass even if with less
EC and OC concentrations were measured by thermaleetails. Compared to PCA, Positive Matrix Factorization
optical analysis with a Sunset Laboratory Dual-Optical Car-(PMF) is a more recent advance in source apportionment and
bonaceous analyzer. A modified version of protocol EU-has several advantages. PMF scales each data point individ-
SAAR_2 (Cavalli et al, 2010 was employed; the protocol ually on the basis of its uncertainty and this is important for
was modified with longer heating steps in order to assure theemote sites where concentrations are often close to the de-
complete evolution of the carbon fractions. The uncertaintiegection limits. In addition, PMF constrains solutions to be
of OC and EC measurements averaged 25% and 50%, repositive. As PCA, PMF does not require to know the source
spectively. The errors were determined based on the methogrofiles to apportion the different aerosol sources. PMF anal-
reproducibility and the instrumental blanksiich and Cary  ysis of infrared spectrd_{u et al., 2009 Russell et a].2009
1996. and mass spectrZlfang et al.2007) was successfully used
Equivalent black carbon (EBC) was measured on theto identify carbonaceous aerosol sources in urban, rural and
quartz filters with a light reflectance technique (smoke stainremote locations.
reflectometer model 43) that quantifies the light absorbing The innovative idea presented in this paper is the use of
carbon deposited on each quartz filter from the reflectance oPMF applied to thermograms obtained from thermal-optical
broadband visible lightAndreae 1983 Andreae et a].1984 analysis of the carbonaceous fraction of fine and coarse
Reid et al, 1999. This measurement technique, usually ap- aerosols. The information that can be obtained by thermal-
plied to polycarbonate filters, was here used on quartz filtereptical analysis is often summarized by volatility classes, i.e.
(Graham et a).2003 Guyon et al.2003. the amount of carbon that evolves during each heating step.
Punches of quartz and paper filters (1.5 cm diameter) werd he PMF analysis of thermograms allowed us to use the in-
extracted with ultrapure water (18.2%%cm) and analyzed formation about the thermal evolution curve at each heating
by ion chromatography to determine major water soluble in-step to obtain further insights about the properties and com-
organic ion concentrations (chloride, nitrate, phosphate, sulposition of each class. In fact, the way each class thermally
fate, sodium, ammonium, potassium, magnesium, and calevolves depends on the thermal properties of the species that
cium). Assuming that the ion balance of water extracts wascompose each class&{osjean et al.1994 Peralta et al.
neutral, carbonate concentration was calculated from the dif2007).
ference between the number of cation and anion equivalents. Carbonaceous aerosol sources were identified with Posi-
Such a difference was close to zero for fine aerosol sampleve Matrix Factorization (PMF) analysis of sample thermo-
and larger than zero for coarse particles, where carbonate wagams using EPA PMF 3.0 softwardldrris et al, 2008.
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The term thermogram indicates the flame ionization detec2.4 Modeling of aerosol chemical composition
tor (FID) response recorded versus time during the thermal-
optical ECOC analysis. To reduce the noise level, thermo-The global chemistry transport model TM5 was applied to
grams were smoothed with a simple running average, reducsimulate the aerosol concentrations of organic and inorganic
ing to 10% the original number of points. The initial 20 s and species. TM5 is an off-line global modé{i(l et al, 2009
the last 120's of each thermogram were discarded to elimithat uses as input the meteorological data of the ECMWF
nate noise associated to the initial fluctuation of temperaturénodel and provides aerosol species and trace gas distribu-
and to remove the calibration signal at the end of the thermotion based on global emissions. It has a spatial resolution
gram. of 6° x 4°; a two—way zooming algorithm was applied over

In PMF each sample is weighted according to its over-South-America to obtain a resolution of £ 1°. The verti-
all uncertainty, which can be estimated using the analyticalcal structure is composed by 25 layers up to 100 mbar with
uncertainty plus the method detection limRqissar et a). @ higher resolution in the boundary layer and around the
1998. Since each analysis could not be replicated more thariropopause. The height of the first layer is approximately
once, it was not possible to quantify the analytical error andS0 m.
apply the formula suggested iBolissar et al(1999. In- Surface processes are globally treated on a resolution of
stead, we estimated the overall uncertainty using the repeatd-° x 1°. Photochemistry and aerosols are coupled in this
bility uncertainty and the minimum detection limit. The er- version of the model. Particles, which are internally mixed
ror matrix was here defined as three times the standard deand can contain sulfate, ammonium, and nitrate are described
viation of the FID signal recorded during the blank analysis. using a bulk approach, even though for the calculations of the
Variables with a probability larger than 10% to have scaledscavenging processes they are implicitly assumed to be in the
residuals larger than 5 were used as weak variables. Thigccumulation mode. The model treats BC and OC as primary
criterion identified as weak variables those describing theaerosols and does not calculate the SOA; however, follow-
volatility behavior below 200C, thus corresponding to the ing the suggestions from the AEROCOM exerciBelitener
most volatile fraction of organic carbon. This result is con- et al, 2009 SOA are treated as primary and emitted in the
sistent with a larger uncertainty associated to those specie®odel atmosphere.
that more easily partition between the gas and the aerosol Gas phase chemistry is calculated using the CBM-IV
phase. chemical mechanismGery et al, 1989ab) modified by

To define the number of factors we took into account pre-Houweling et al (1998, solved using the EBI methodHér-
vious source apportionment studies in the Amazon akea. tel et al, 1993. The equilibrium model EQSAMMetzger
taxo et al.(1990 described fine and coarse aerosol mass uset al, 2002ha) is used to calculate the partitioning between
ing two components with APCAGuyon et al(2004 recon-  the aerosol and gas phases of ammonia, nitric acid, ammo-
structed aerosol mass in a forest site using 4 components: orfdum and nitrate and the water attached to the particle in
was assigned to biomass burning, two components assocequilibrium with the water vapor. Sulfate is assumed present
ated to biogenic aerosol, and the fourth component remainednly in the aerosol phase. It is formed by the oxidation of
unassigned. Based on these literature studies we consider&f, (and DMS) in the gas phase by OH and in the aqueous
unlikely the presence of more than 4 sources, and thus thphase by HO» and ozone.
need of more than 4 profiles. Then, we investigated how the Dry deposition is calculated using the ECMWF surface
number of factors affected the quality of fit through th@a-  characteristics and the resistance methGarnzeveld and
rameter, and the dependency of different factors. Three facLelieveld 1995.
tors were used to explain both fine and coarse carbonaceous Wet deposition is the dominant removal process for most
aerosol mass, since they minimized B pusito Qtheoretical ~ @€rosols. Removal occurs in convective systems (convective
ratio. The Q parameters corresponding to the fine aerosolprecipitation) and in large-scale stratiform systems that are
analysis wer&neoretica= 5931, Qropbust= 4244, andQirye associated with weather fronts. The in-cloud removal rates,
= 4735, while the coarse aerosol analysis ledtgeoretical  Which depend on the precipitation rate, are differentiated for
= 5931, Orobust= 4243, andQyue=4314. The three factors convective and stratiform precipitation and are calculated fol-
were independent both for fine and coarse dataset. lowing Guelle et al(1998 andJeuken et ak2001). Aerosol

In order to optimize the results of PMF analysis, the below-cloud scavenging is parameterized accordirigana
rotational freedom of the PMF solutions was investigatedand Haleg1976.
through the tuning ofFpeak values between-2 and +2 The emission inventories are from the Hemispheric Trans-
(Paatero et al., 2000) Fpeak €qual to zero was chosen as port of Air Pollution exercise (TF HTAP, 2007). Although
the best solution, since no significant improvement was ob-defined as BC emission inventories the inventories used in
served in the correlation between source profiles and ambierthis work were constructed using emission factors predomi-
aerosol profiles by settinfpeax different from zero. nantly based on thermal-optical measurements and therefore

they represent a more elemental carbon-like carbonaceous
compound rather than BG/ignati et al, 2010. Thus it is
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more appropriate to compare the modeled values with EGhe dry season was 2 times larger compared to the wet season:
measurements. on average fine particle mass represented 21% qHRPM to
The model has been evaluated in model intercompariso#0%) during the wet months, and 39% (25 to 60%) during the
exercises Textor et al, 2006, using in-situ, satellite and dry ones; yet, the seasonal difference was not as marked as in
sunphotometer measuremente (Meij et al, 2006 Vignati forest areas strongly affected by biomass burning, where the
et al, 2010, and applied for the year 2001. Outputs of average contribution of fine particles to Rjvas 60% (Alta
monthly averaged surface fields are used for the analysis. Floresta) Echalar et al.1998 and 80% (Rondnia) (Artaxo
et al, 2002 during the dry season.
Concentrations of fine aerosol larger than 4pgm

3 Results were associated with lower precipitation rate (below
10mmday?), suggesting that sources and removal mech-
3.1 Fine and coarse mass anisms of fine particles were affected by weather conditions:

dry weather promoted biomass burning and increased fine

Table 1 shows the average concentrations of gravimetparticle concentration, while rain scavenged fine particles
ric aerosol mass, reconstructed chemical mass, and caand reduced fine mass concentration. Conversely, coarse
bonaceous species, together with the concentration of nongerosol concentration was not affected by rain events. This
carbonaceous species as reference; the averages were cal@giconsistent with the large contribution of primary biologi-
lated only including values above detection limit. The re- cal aerosol particles to the coarse mass and the fact that wet
constructed chemical mass was calculated using the organigeather conditions have opposite effects on PBAP concen-
mass (OM) to OC ratio of 1.7 for fine aerosol mode and 1.4¢ration: rain removes this kind of particles and water vapor
for coarse aerosol particles. The OM to OC ratio is expectethromotes their releas&faham et a).2003.
to range between 1.4 for less oxidized/fresh aerosol and 2.2
for more oxidized/aged aerosdbilardoni et al, 2009 Rus- 3.2 Carbonaceous aerosol
sell, 2003. The fine aerosol mode ratio of 1.7 was chosen ac-
cordingly to the value determined for submicron particles by The percentage contributions of OM, EC and inorganic ions
AMS measurementChen et al.2009, while the ratio 1.4  to fine and coarse mass are displayed in Table 1. Although
was used for coarse particles because coarse OC is expectdte absolute species concentration varied passing from the
to be mainly primary biogenic. To the best of our knowledge wet to the dry season, no relevant differences were noted in
no direct measurements of the OM/OC is available for PBAP.the mass percentage composition. The most abundant com-
The authors assumed that PBAP was dominated by aliphatiponent of fine and coarse aerosol mass was OC. In the fine
functional groups and consequently used the lower bound oferosol mode the OC to mass ratio was 0.4, while in the
the OM/OC ratio reported bRRussell(2003. coarse mode the ratio was equal to 0.6. On average OM con-

Fine aerosol mass during the wet season was most of theentration represented 72% of fine mass and 85% of coarse
time close or below detection limit (1.1 pg1¥) and the re- mass. During the wet season the OM concentration of fine
constructed chemical mass was 2.4 pgfmDuring the dry ~ aerosol mode average 1.7 ug® slightly larger than the
season fine mass concentration almost doubled, averagingpncentrations measured with AMS in submicron particles
4.2 pug nt3; including the sum of ammonium and nitrate con- (0.6—-0.9 ugm3) (Chen et al. 2009; the comparison indi-
centration from quartz and paper filters, the correspondingates that the submicron OM represented 40%-60% of fine
reconstructed mass (5.5ug®) was larger than the gravi- mode OM.
metric average. The mass of coarse aerosol mode averagedOC fine concentration increased during the dry season,
7.9 and 7.6 ugm? during wet and dry season, respectively, while OC coarse was similar during the two periods. The
with the chemical reconstructed masses explaining 90 andifferent seasonal variability is due to different sources of
92% of the gravimetric masses. Mass concentrations re©OC fine and coarse. OC fine during the dry months received
ported in this study agreed within experimental error with a large contribution from forest and savanna burning emis-
the concentrations measured with stacked filter unit (SFU)sions, not as important during the wet months. On the other
system deployed at the same site (see Table 1 for comparside, OC coarse is associated mainly to PBR&s¢hl et al.
son). 2010, whose release seemed not be affected by seasonality

Figure 3b shows the time series of fine aerosol mass to{Echalar et al.1998.
gether with PMg mass, where PM was calculated as the The seasonality of soot concentration, determined from
sum of fine and coarse mass. Fine mass clearly increaseC and EBC measurements, was similar to that of fine
passing from the wet to the dry period, while PjMvas quite  OC. Higher values were measured during the dry season,
variable during the entire campaign, and it did not show anywhen a larger number of fires was intercepted by the back-
seasonality. P} concentration averaged 10.3 pg#rdur- trajectories reaching the site, as shown in Fig. 2. EC and EBC
ing the wet season and 11.4 ug#nduring the dry season. were present mainly in fine aerosol particles, while their con-
The contribution of fine particles to aerosol loading during centration in coarse particle was often below detection limit,
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Table 1. Time weighted average concentrations and mass percentage contribution of aerosol species. Concentrations are3mrig m
the standard deviation, amds the number of samples in which the concentration was above detection limit.

Species Fine Coarse
All Wet Dry All Wet Dry
Mean SD »n Mean SD »n Mean SD =n \ Mean SD »n Mean SD »n Mean SD =n

Mas$ - - - - - - 42 15 9 78 24 34 79 29 24 76 27 10
Rec Mas& 3.0 21 42 24 14 30 55 30 12 73 3.0 42 74 30 30 6.9 24 12
SFU Mass 25 23 31 16 09 24 47 20 64 24 31 6.0 26 24 74 32 7
oc? 14 09 42 1 14 30 2.3 2 1 47 25 42 47 26 30 45 24 12
EC 150 120 41 110 80 30 240 160 1 50 40 25 50 40 22 20 10 3
EBC 256 260 40 130 100 30 520 330 0 50 20 36 60 20 29 20 10 7
SOp- 470 380 40 310 220 30 880 420 0 70 60 36 80 140 25 60 30 11
cog™ - - - 130 70 42 130 70 30 130 70 12
NO3 90 60 39 90 60 27 80 40 1 90 40 15 - 110 50 7
Cl~ - - - 110 80 5 120 60 5 -

NHj{ 180 150 38 110 80 27 350 160 1 - - -

K+ 60 70 32 30 20 22 130 80 1 60 40 39 70 30 29 60 20 10
Nat 80 70 16 50 30 10 120 80 80 50 21 80 50 12 70 50 9
cat 40 20 31 40 20 23 40 20 40 40 42 50 50 30 40 20 12
Mg2+ - - - 20 10 36 20 10 26 30 10 10
omP 72% 72% 71% 85% 85% 83%

EC 4% 4% 4% <1% <1% -

SOp- 13% 12% 15% <1% <1% <1%

CO%’ - - - 1% 1% 2%

NO; 3% 4% 1% 1% <1% 1%

NHir 5% 4% 6% <1% <1% -

&Mass and OC concentrations are gyp—3.
b oM is calculated using OM/OC equal to 1.7 for fine mode and 1.4 for coarse mode particles..

and for this reason coarse EBC will not be discussed in thisover the filter collection periods. The error bars displayed
paper. in the graph correspond to uncertainty of EC measurements

During the wet season fine particle EC and EBC Concen_(on the x-axis) and variability of aerosol absorption coeffi-

. - . : cient over the integrating period (on the y-axis). The mass
tration agreed within the experimental error and their aver—absor tion cross section (MAC), corresponding to the slope
ages were 110 and 130 ng® respectively. The EBC to P ' P g P

; : -1
fine mass ratio was about 0.06 in agreement with the val-Of the orthogonal linear fit, was 4.74g™". At our best

ues reported for Balbina, a forest site near Manaus in 199é<nowledge this is the first measurement of MAC in a re-

. . ~~gional background site in Amazonia. Although the large
and 2001Rauliquevis et 8].2007). The presence of a non error bars, the data points are clearly located below the 6.6

negligible amount of soot during the wet season might beSlope line corresponding to the MAC suggested by the in-

related both to the use of biomass burning for home cook-
. . . strument manufacturer at the same wavelength. Moreover,
ing throughout the year, to the influence of South-American

Northern Hemisphere fires, and to the long range transpor%he MAC observed in urban sites and adjusted to 637 nm are

. : . usually higher than one we observed; for example, the values
of combustion aerosol from Africa, as occasionally observedmeasured betzold and Samlinner(2004 ranged between

(see Sect. 3.3). 7.8 and 9.2rAg~1, while Bond and Bergstroni2006 sug-
Aerosol light absorption coefficient (Babs) was mea- gested to use a value of 6.4gil. The smaller MAC in

sured in parallel with a Multi Angle Absorption Photome- Manaus compared to that of more polluted sites is likely due

ter (MAAP) from February 2008 till July 2009. Due to in- to a smaller soot particle coating and consequently smaller

strumental failures, measurements were interrupted duringoating lens effect, in agreement with the trend observed by

August and September 2008, limiting the comparison withLiousse et al(1993 during the comparison of urban and re-

chemical composition data to the wet season. Figure 4 showmote sites.

the correlation of Babs at 637 nm and elemental carbon con-

centration in PMg aerosol moder€ =0.83); Babs were cal-

culated as the average of 60 min resolution data integrated
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Fig. 4. Orthogonal linear fit of MAAP light absorption coefficient 40F — : : =
(Babs) and thermal-optical EC concentration (red); the black line Eoreséb‘g”'”_g R
corresponds to the absorption cross section of 6.6 suggested by the 30 H efrado burning * _
instrument manufacturer to convert Babs into EBC. S
= .
g T ¢ °* i
During the dry season fine particle EC and EBC concen- = 10k p |
trations averaged 240 and 530 ng¥n respectively. Fig- & *
ure 5a shows that the dry season EBC was generally two
. . | | | =
times Igrger thal? the corresponding EC. . 0.00 0.05 0.10 0.15
Previous studies showed that the fine EBC concentrations
EBC / Mass

measured in Balbina at the end of the wet peri@tat

ham et al. 2003 was about 6 times larger than EC values;

similarly, Guyon et al.(2003 reported that EBC above the

canopy level in Rondnia was about 3 times Iarger than Ec'ppotassium and equivalent black carbon concentration during the dry

The difference between EC and EBC was attributed to PBAFseason (August and September) normalized to fine aerosol(bjass

in fine aerosol, able to absorb visible light, and thus leadingshadowed areas correspond t K EBC ratio expected from cer-

to overestimation of EBC. This conclusion does not apply torado (red) and forest (green) burning (Yamasoe et al., 2000).

the analysis performed in this study, since the discrepancy

was observed only during the dry period and the concentra-

tion of PBAP in fine particles was negligible. ison of soluble potassium and EBC concentration normalized
The discrepancy between EC and EBC measurements 050 fine mass. EBC is emitted by combustion processes, and

served in this study could be justified by the underestimationsoluble potassium is a tracer for biomass burning, as well as

of EC or overestimation of EBC. dust. The scatter plot indicates that EBC arttl ¢orrelated
Underestimation of EC occurs when some fractions of Ecduring the dry periodi€ =0.93), with slope equal t0 0.22 .

evolved during the first stage of the thermal-optical analysis,The K" to EBC ratios lied between the ratios expected for

in He-mode, together with the OC fraction. To avoid this Vegetation flaming and smoldering (0.10-0.24), confirming

source of uncertainty the maximum temperature reached ifhat vegetation fires were the main sources of bothatd

He atmosphere was set equal to 680(Cavalli et al, 2019. ~ EBC during the dry season. _ o

The premature evolution of EC was ruled out by the analysis N addition to dust, organic species released during fires

of laser transmittance acquired during the EC/OC analysisS@n contribute to the overestimation of EC and to a larger ex-

In fact, EC is able to absorb laser light (wavelength 678 nm),tentto that of EBCReid et al(1998 already observed a'dls—

and when it evolves, laser transmittance through the filter in-crepancy larger than 40% between EBC and EC during the

creases. During the analysis of samples in this study the lasetalysis of smoke plume in the framework of the SCAR-B

signal reached its minimum at 65@nd did not increase un- experiment in Brazil. It is known that vegetation combustion

til the He/G» mode, indicating no loss of EC during the He produces a class of organic species, defined as brown car-
mode. bon, able to absorb visible light as a consequence of aromatic

rfnd unsaturated hydrocarbon molecular structétexgnder

The presence of light absorbing species, different tha
carbon, might lead to an overestimation of EBC, especially€t @- 2008 Andreae and Gelencse2008. Brown carbon

when broadband visible light is employed: for example, dust'S part of OC fraction, but since_it absorbs radiation with
might interferes with EBC measurements because some min¥avelengths smaller than 650 niifchstetter et al.2004),
eral components, like hematite, are able to absorb the shoft IS @ccounted as EBC by optical techniques that use visible
wavelengths. To exclude overestimation of EBC due to dusroadband light (390-750nm). This would lead to a larger

transport not related to fire events, Fig. 5b shows the comparEBC concentration compared to EC.

Fig. 5. Time series of elemental carbon (red) and equivalent black
carbon (black) concentration in fine aero¢a). Comparison of
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Based on the set of data available during the dry seasord Discussion
we are not able to discriminate between fire resuspended dust
and brown carbon as source of interference during EBC mea4.1 Comparison with previous studies

surements.
For comparison the average fine and coarse mass concentra-

3.3 Pyrogenic aerosol events during the wet season tion in South-America regional background sites during the
last 20yr are presented in Table 2. Data reported refer to
EC concentrations from 10 to 13 February and from 23measurement periods longer than 30 days, to guarantee the
February to 3 March were two to three times larger than therepresentativeness of the mean values; for OC shorter period
average observed during the wet months and similar to theneasurements are included due to the lack of data. The sites
concentrations of the dry period, indicating the likely influ- (Fig. 1) are classified as forest, pasture, and savanna areas.
ence of combustion emissions. During the wet season fireshe forest type indicates sampling locations surrounded by
in South America were located to the northwest of the sam-pristine rain forest; among the forest group, Alta Floresta is
pling site while the back-trajectories were from the north- the only site characterized by nearby land clearing and an-
east excluding the influence of South America open buringthropogenic activities (i.e. strong land use change and gold
emissions. mining) (Echalar et a].1998. Pasture sites are strongly af-
During the same periods the concentration of nitrate andkected by biomass burning due to agricultural or land clearing
sulfate went up to 630 ngnf and 250 ng m?, respectively,  activities, especially during the dry months. Similarly, sa-
largely higher than the seasonal averages (Table 1). Aeros®lanna sites are heavily affected by regional wildfire burning
sulfate and nitrate are produced by the oxidation of sulfur antemissions.
nitrogen oxides to form nitric and sulfuric acids; these acids Fine mass during the dry season averaged 64, 37, and
are then neutralized by ammonia in the aerosol phase. Duringg g nt3 in the pasture, forest, and savanna areas, respec-
most of the sampling campaign the equivalent concentratioRjyely. The average dry fine mass in the forest sites was
of sulfate and nitrate correlated very well with ammonium gyt ten times higher compared to the concentration mea-
with a slope close to one (1.840.04,r>=0.86), indicating  sured during the present study, and it was even higher than
that ammonium fully neutralized the acids as M@z and  the savanna mean value. The forest fine mass concentration
(NH4)2SQy. During the pyrogenic aerosol events of 1013 showed a large variability from site to site, and the high av-
February and 23 February-3 March the equivalent ratio oferage is due to the higher concentrations observed at the two
SO; and NG relative to NH; was larger than two. sites in Ron@nia (Alta Floresta and Reserva Biologica(dar
Elemental analysis of aerosol samples collected in paralThe concentrations measured in this study were of the same
lel showed that during the pyrogenic events, dust concengrder of magnitude of those measured at Balbina, a forest site
tration was significantly higher than the backgrouRdefini  |gcated 100 km to the northwest.
etal, 2009. The heterogeneous reaction of dust with acidic  coarse mass concentration did not differ significantly for
species Usher et al.2003 Feng and Penng2007 Hwang e different site categories; the average values during wet
and Rq 2006 justifies the enhanced concentration of nitrate 5, dry season were 12 and 32 pghin the savanna sites,
and sulfate relative to ammonium. Moreover, global chem-g 544 21 ug m3 in the forest, and 6 and 17 ugtin the
istry transport model and Raman LIDAR measurements indi-yastyre areas, respectively. Literature reports short episodes
cated that dust aerosol observed in February in Manaus Wagharacterized by very high coarse mass concentration (higher
transported from the Sahara regichngmann et a.2009  han 50 ugm?3) that were related to long-range transport
Prenni et al.2009. _ _ events of Saharan dusAitaxo et al, 1994 Talbot 1990.
~ The concomitant peaks of African dust and biomass burm-gycjyding Alta Floresta among the forest sites, because of
ing tracers in February suggests that the pyrogenic aerosqyccasional anthropogenic influence, the forest average coarse
events observed in Manaus during the wet season were due {gde mass concentration would be 6 and 7 ag muring
African biomass burning emissions. This is consistent withine wet and dry season, respectively. Those values are very
African seasonality of biomass burning, that goes from Octo-gjmilar to the concentrations observed in this study.
ber to March and occurs mainly in the Sahel, s.outh_of t_he Sa- Equivalent black carbon (EBC) in the South America re-
hara areaRoberts et 8).2009. These observations indicate giona| hackground sites is a tracer of biomass burning emis-
that out-of-continent biomass burning can contribute signif-gions as well as other absorbing aerosols, such as biogenic
icar_1tly to the loading and optical properties of fine aerosol 5,4 long range transport of industrial emissions; the com-
during the wet season. parison of EBC concentration among different sites helps
us to understand the seasonality and the time variability
of these sources. Unfortunately EBC is strongly depen-
dent on the analytical technique employed for its measure-
ments, so the comparison between values measured by dif-
ferent techniques and during different campaigns might be
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Table 2. Aerosol mass, equivalent black carbon, and organic carbon concentration in regional background sites in Brazil: Fazenda Nossa
Senhora Aparecida (FNSA), Reserva BiologicalJ&BJ), Ducke Forest (DF), Ducke Forest meteorological station (DFM), Alta Floresta
(AF), and Serra do Navio (SDN); letter between brackets indicates site typ@aBture, S= savanna, and £ forest.

Site Season Size range Mass EBC OC Reference
um  pgnt3 pgm3 pgm3
FNSA (P) Dry 0-2 61.7 26.9 Falkovich et al. (2005)
Dry 2-10 16.5 Decesari et al. (2006)
Trans 0-2 8.0
Trans 2-10
Wet 0-2 1.4
Wet 2-10
FNSA(P) Dry 0-2.5 43.9 Soto-Garcia et al., 2010
FNSA (P) Dry 0-2 66.9 7.42 Artaxo et al. (2002)
Dry 2-10 17.8 Guyon et al. (2003)
Wet 0-2 2.9 0.48
Wet 2-10 5.7
RBJ — Dry 0-2 27.9 1.7
in canopy (F) Dry 2-10 7.6
Wet 0-2 22 0.28
Wet 2-10 6.6
DF (F) Wet 0-2 1.8 Artaxo et al. (1990)
Wet 2-15 35
DFM (F) Wet 0-2 1.8
Wet 2-15 8
ZF1 (F) Wet 0-2 1.7
Wet 2-15 6.5
Balbina (F) Dry 0-2.5 6.2 0.49 Pauliquevis et al. (2007)
Dry 2.5-10 7.2 0.05
Wet 0-2.5 2.2 0.16
Wet 2.5-10 6.6 0.05
All 0-10 11
All 0-2.5 0.17
All 2.5-10 0.05
Balbina (F) Wet 0-2 2.6 0.29 1.1 Graham etal. (2003)
Wet 2-10 3.9 0.07 2.3
Balbina (F) Wet 0-2 1.6 0.8 Formenti et al. (2001)
Wet 2-10 5.8 25
Cuiaba (S) Dry 0-2 17 2.6 Echalar et al. (1998)
Dry 2-10 32
Wet 0-2 3.9 0.7
Wet 2-10 11.7
AF (F) Dry 0-2 47 5.7
Dry 2-10 34
Wet 0-2 5.5 0.66
Wet 2-10 16.4
AF (F) Dry 0-2 63 7.7 Maenhaut et al. (2002)
Dry 2-10 37 1.46
Wet 0-2 9.9 1.55
Wet 2-10 15.1 0.38
Cuiaba (S) All 0-2 10.5 2 Artaxo et al. (1994)
AF (F) All 0-2 49.9
SdN (F) All 0-2 9.87
Manaus(F) All 0-2.5 25 0.25 1.4 This work
All 2.5-10 6.4 0.05 4.7
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misleading. EBC data here reported correspond to EBC con- Temp (°C)
centrations obtained by optical measurements; thus EC val- o o o o
ues (i.e. thermal-optical measurements) are not included in 838 FK

Table 2. Only a few campaigns reported EBC measurements ij*
in pasture and savanna areas. In the forest sites EBC con-
centration was higher during the dry season compared to the
wet season, as expected due to the seasonality of biomass
burning. The fine particle EBC concentration measured in

T
— F1f
— F2f
Faf

T
Fine particles

N
o

this study was close to the lower bound of forest site range:
0.5-7.7 pgm?® during the dry season, and 0.1-1.5 pgim = 10 K
during the wet season; the contribution of biomass burning § w
during this study was smaller compared to campaigns per- T o _\k_/\‘ ~ 4&94\
formed during previous years and in different sites. These — 5 s SRR B8
results agree with the reduction of 30% of deforestation rate < gq |-Coarse particles e
observed in 2008 compared to the previous decade (INPE § F3c
http://www.inpe.by. T 40

OC measurements in Amazonia are available only for a ©
small number of sites and seasons. During the dry season 20

OC at the pasture site of Fazenda Nossa Senhora Aparecida
(FNSA) was one order of magnitude larger than the concen-
tration observed at the Balbina forest site. Similarly, the EBC | | T

[
!

concentration was 10 times larger. Most likely biomass burn- % Standards _ Eg@n
ing was responsible for the different EBC and OC concentra- § - — 8;';:"!;15(1 bb
tion, as well. OC concentration during this study was larger g
than the values measured in Balbina, especially during the %
dry season, although the OC to mass ratio was quite similar. a
Aerosol mass concentrations and carbonaceous species &
concentrations measured during this study show that the - — L_|
site was representative of the Amazon forest regional back- 400 80 1200
ground. Time (sec)
4.2 Carbonaceous aerosol sources Fig. 6. PMF profiles of finga) and coarséb) total carbon factors,

and standard thermogran@.

Total carbon (TC), calculated as the sum of OC and EC,
composed the largest fraction of both fine and coarse aerosol
mass. To identify TC sources PMF analysis was applied toevolved in He environment for all the three factors. Factor
EC/OC thermograms. The term thermogram indicates thel and factor 3 were characterized by large peaks at 200 and
flame ionization detector (FID) signal recorded versus time450°C, but factor 1 had a slightly larger contribution of car-
by the thermal-optical analyzer. Thermograms of fine andbon mass that evolved in oxidizing conditions, at higher tem-
coarse samples were analyzed separately as we expected diferature. Factor 2 profile was characterized by a large peak
ferent carbon sources for different particle size modes. Theat 450°C that corresponded to 50% of the carbon mass.
PMF analysis describes fine and coarse TC as the sum of in- To identify carbon sources from PMF profiles, we an-
dependent factors; each factor was interpreted as a carbaglyzed a set of standards representative of the Amazon
source and the factor profile was the thermogram of the coraerosols. This set includes biogenic and anthropogenic SOA
responding source. from oxidation of VOCs in chamber experimen@ayalli

Fine carbon aerosol factors are reported in Fig. 6a. Facet al, 2010, open and contained biomass burning aerosols
tor 1 had a large contribution of carbon species that evolvedColombi et al, 2010, and PBAP (fungal spores, fungi, and
at low and medium temperature in He environment; 50% ofpollens). Several SOA precursors were used and a variety
factor 1 carbon mass evolved below 3@ Factor 2 showed of oxidation conditions employed, as reported in Table 3.
a large carbon mass fraction that evolved in oxidizing envi-SOA are obtained by oxidation of alpha-pinene (12 Torr) or
ronment, i.e. EC and/or pyrolytic carbon produced during thetoluene (650 Torr) with the addition of G®NO (24 Torr) to
first heating steps in He. Factor 3 was the most volatile factorgenerate OH radicals and NO (12 Torr). Photo-oxidation pe-
and 63% of its carbon mass evolved at 200n He. riod was 1 h (experiments a in Table 3) and 5 h (experiments

PMF factors from the analysis of coarse aerosol particled). Biomass burning standards include aerosol produced by
are displayed in Fig. 6b. More than 80% of carbon masscontained combustion of pine wood, open combustion of

www.atmos-chem-phys.net/11/2747/2011/ Atmos. Chem. Phys., 11, 27822011


http://www.inpe.br

2758 S. Gilardoni et al.: Carbon aerosol sources in the Amazon

d bon that evolved in oxidizing condition, compared with the
open combustion. Moreover, carbon from factor 2 correlated
with EBC, a tracer of biomass burning?(= 0.81, signifi-
cance level 99.9%), and correlated with the number of fires

Table 3. List of aerosol standards used to identify PMF profiles an
their similarities with PMF factors defined lﬁ.

Standards Similarities ’ i - ) -
Type Details Factor -2 affecting the site during the sampling periods £ 0.47,
. - 0

SOA SOAbIoa —— 072 1.1 data points, significance level 97.5%). The number of
SOAbio-b Fine F1 073 fires was calculated as the number of hot spots detected by
SOAanth-a Fine F1 0.68 MODIS (Moderate Resolution Imaging Spectroradiometer,
SOAanth-b Fine F1 0.76 Terra thermal anomalies/fire daily L3 global 1km SIN grid
SOAbio+anth-a Fine F1 0.77  \v005) that were intercepted by the back-trajectories reach-
SOAbio+anth-b Fine F1 0.81 . : . - . .

ing the sampling site (10-day back-trajectories from Hybrid

Biomass burning  Contained combustion ~ Fine F2 0.48 Single-Particle Lagrangian Integrated Trajectory model cal-
fﬁ);)rﬁir;lgombustlon branches Fine F2 041 culated every 6 h). The spatial resolution of grid used to
Open combustion branches Fine F2 053 qverlap back-trajectories and fire spots wax ° and qnly
smoldering fires that were less than 500 km distant were taken into ac-
Open combustion leaves  Fine F2 0.45 count.
smoldering Subramanian et aj2007) investigated the thermal proper-

Fungal spores Lycoperdon Coarse F3  0.48 ties of brown carbon produced during wood smoldering. The
Panaeolus Coarse F3  0.83  corresponding thermograms were characterized by a large
Panaeolus Coarse F3 0.85

peak below 300C in He and a couple of smaller peaks
Coarse F3  0.94 around 700C in oxidizing environment. The thermograms
091 Were similarto the profile of fine factor 3, suggesting a possi-
ble link between the volatile species represented by fine fac-
tor 3 and smoldering emissions.

Over the entire campaign 44% of fine carbon mass was
grapevine bran.ches in flaming and smoldering condit_ionsdue to biomass burning, 43% to SOA, and 13% to volatile
and open burning of leaves of chestnut and c@kl¢mbi  gpecies. The carbon fraction represented by biomass burning
et al, 2010. Single chemical compounds (i.e. fulvic acids g4 SOA were 35% and 49% during the wet season, and 71%
and levoglucosan) were analyzed, as well, but their similari-3 4 2504 during the dry season, respectively. Emissions from
ties with PMF profiles were poor. Thermograms representayiomass burning can lead to the formation of SOA (quanti-
tive of each group are reported in Fig. 6c. fied by factor 1), as well as to the presence of volatile species

The comparison among PMF profiles and standard ther{quantified by factor 3); thus the biomass burning PMF fac-
mograms shows that the volatility of factor 1 resemblestor represents a lower estimate of the total biomass burning
that of SOA from smog-chamber experiments. The lack ofcontribution to the fine carbon content.
unique tracers for SOA and the expected differences between Previous measurements in the Amazon forest identified
ambient and smog-chamber SOA do not allowed a more roaerosol sources; since these studies apportioned aerosol mass
bust attribution. Nevertheless, the AMS measurements pefrather than carbon mass, a straightforward comparison could
formed at the same site during the wet season confirmed thafot be performed, instead the relative contribution of sources
SOA dominated organic mass of submicron particREs¢hl  will be compared. During the wet seasBauliquevis et al.
et al, 2010. The correlation coefficient-f) of factor 1 (2007 reported that at Balbina the contribution of biomass
with SOA thermograms ranged between 0.72 and 0.81, corburning was slightly smaller than biogenic aerosol (37% and
responding to significance level higher than 99.9%. The av45%, respectively), in agreement with this study. AMS mea-
erage carbon concentration from SOA was8&3ugnT®,  surements performed during the wet season in 2@8&(
with similar values during wet and dry season. et al, 2009 indicated that SOA dominated the submicron

Fine factor 2 was assigned to biomass burning because arganic aerosol during in-basin influence periods.
the similarity with combustion aerosol thermograms and the Literature studies indicated that PBAP composed the
correlation with biomass burning tracers. A large fraction of largest fraction of the coarse masArtaxo et al, 199Q
carbon from factor 2 evolved in oxidizing environment, as for Echalar et al.1998 Martin et al, 2010; pollen and fungi
biomass burning aerosol thermograms. The correlation befmainly yeast) were the PBAP characterized by the largest
tween factor 2 profile and combustion standard thermogramsarticle number concentratiorG(aham et al.2003. A
varied between 0.41 and 0.53 (significance level higher thariew coarse aerosol patrticles collecting in this study were in-
99.9%). The lower? values are likely due to aging pro- vestigated with scanning electron microscopy (SEM). Fig-
cessing that affected ambient but not standard aerosols. Stilire 7 shows biogenic particles visually recognized as pol-
it is interesting to note that thermograms from containedlens and characterized by the presence of biogenic elements
combustions were characterized by a larger fraction of car{sulfur, potassium, and phosphorous). BPAP have been

Pollens Poplar pollens

Fungi Yeast Coarse F3
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Previous studies quantified PBAP by counting and assum-
ing a known mass or carbon mass content per each particle
(Winiwarter et al, 2009 Heald and Sprackler2009 Huff-
man et al. 2010. Unfortunately the PBAP carbon content
has a large variability, depending on the particle type (i.e.
fungi and spores) and the species within each type (i.e. dif-
ferent fungi species)Bauer et al.2002 2008 Elbert et al,
2007. At our best knowledge, this work is the first attempt
to measure directly the contribution of PBAP to aerosol TC.

4.3 Evaluation of carbonaceous sources in the model

The comparison with previous studies performed in forest,
pasture and savanna areas proved that Manaus is a regional
background site, thus the aerosol species concentrations can
be discussed in the light of global model results. The com-
parison of experimental results with model simulations will
allow us

1. to understand to ability of the model in describing the
regional background in the South America forest area,
and

Fig. 7. Scanning electron micrographs of PBAP collected during 2. to evaluate the impact of aerosol sources in this region.
the wet season on polycarbondte-d) and quartze—f) substrate; .
the white line corresponds to 2 um. SEM analysis was performedVonthly average concentration of EC and OC are sampled
with a Leica (Cambridge) Stereoscan 420 Scanning Electron Microfrom TM5 model output at the 1x 1° resolution cell where
scope (SEM), equipped with a Si(Li) energy dispersive x-ray ana-the sampling site is located, and compared with monthly av-
lyzer (EDX) with a Be window. Accelerating voltage: 25kV, beam erages of fine aerosol concentrations (Fig. 8). The compari-
current: 700 pA. son has a monthly time resolution because the ECMWF data
used in the model refer to a different meteorological year; the

use of a higher time resolution would be inaccurate. Since the

investigated by thermal-optical analysis; pollens, yeasts, anghodel represents the accumulation mode, measured coarse
fungal spores thermograms showed very similar featurespartides were discarded for the comparison.

(Fig. 6c). _ o _ EC was modeled correctly during the wet season but over-
_ Coar_se factor 2 was aSS|gne(_j to biogenic particles becausgstimated during the dry season of about 30 to 60%. The
its profile strongly correlated with that of PBAP*=0.68—  peak of model values during the dry season corresponded to
0.94). Factor 2 composed 51% of coarse carbon during the, peak of biomass burning inventory emissions. The inven-
wet season and 26% during the dry season (about 40% Gy ysed to simulate biomass burning was constructed from
PMyo TC). Since we were not able to assign the remainingine climatological data (GFED) of the years 1997—20¢4n(
two coarse factor p_roflles to specific sources, we do not exper \Werf et al, 2004. Nevertheless, the fire count data re-
clude that PBAP might represent a larger fraction of coarsgyorted by the Brazilian National Institute for Space Research
carbon, as biogenic particle types not included in the set of|\pE htp:/www.inpe.by indicated a marked decrease of
standards here reported might have different thermal propeftyrest fires in Brazil during the last decade. The number
ties. _ of fires observed during 2008 were 30% fewer compared to
The concentration of PBAP from factor 2 averaged 001 and about 35% fewer compared to 1999. Since fewer
24+1.6pg n‘3r , with higher values during the wet season, fires were initiated during the EUCAARI campaign period,
up to 7ugn®. These values agree with the global model Grgp inventories for EC overestimated the burning emis-
(Geos-CHEM) simulation of PBAP in the Amazon basin sjons and the model overestimated the concentrations of EC.
(Heal.d and Sprackler2009. The S|mulqt|ons, based'or) leaf  TM5 model overestimated OC both during the dry and
area index and water vapor concentrations, are optimized Uspe et season by 60-80%. Although the overestimation
ing mannitol concentration measurements, a tracer of fungals piomass burning inventory for 2008 might explain part of

spore emissions. The agreement confirms that PBAP cOngg discrepancy during the dry season, it does not justify the
tribute significantly to the global carbon budget, especially yifference observed during the wet period. During the wet

in forest areas. season biomass burning and SOA explained 80% of fine car-
bon mass, and since EC was well modeled during the wet
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0.4 and 0.6 in fine and coarse aerosol mode, respectively,
while EC was present almost exclusively in the fine parti-
cles, with higher concentration during the dry season: EC
composed 4 and 10% of fine mass during wet and dry pe-
riod, respectively. The similarity of aerosol mass concentra-
tion and chemical composition with data reported by previ-
ous studies indicates that Manaus is a representative regional
background forest site, and thus underpinned the importance
of carbonaceous aerosol on the global scale.

PMF analysis of thermograms was applied for the first
time to the characterization of carbonaceous aerosol sources
in ambient air. Although this approach can be used only
to differentiate carbon classes that showed clearly differ-

Month ent thermal behaviors, it allowed us to give an estimate of

biomass burning and SOA contributions to fine carbon mass
Fig. 8. Monthly average comparison of TM5 model output (lines) and of PBAP to coarse carbon mass. Biomass burning com-
and observations (markers) for organic carbon OC on the left axigposed 44% and SOA composed 43% of fine carbon mass.
(green) and elemental carbon EC on the right axis (gray). The errorrhe relative contribution of the two sources agreed with the
bars correspond t one standard deviation. results of previous studies in the Amazon basin. PMF analy-
sis of coarse aerosol carbon identified one factor with a pro-

file similar to that of PBAP and the average carbon concen-

season, we excluded problem_s in modellng biomass burnlngt‘ration assigned to this factor was 2.4 pginwith higher
more likely SOA was responsible for the difference between .

. values during the wet season. PBAP represented 46% of
modeled and measured OC values. The excess OC durin

the wet period, defined as the difference between modele§Oarse carbon mass. - Traditional techniques quantify pri-

and measured OC, correlated with SOA carbon concentratiorr1nary biogenic aerosol particles by measuring their number

(r?=0.74). The correlation indicates that for higher SOA concentration and assuming a known densigschi et al.

: . . 010. Otherwise carbon content of PBAP is quantified
concentration we had higher discrepancy between model an .
observations. y means of tracer metho@guer et al.2002 assuming a

The overestimation of SOA in forest areas goes in a dif_known and constant tracer emission factor. The PMF analy-

ferent direction relative to what happens in urban areasSiS of thermograms is a valuable tool to quantify directly the

where global models tend to underestimate SOA productionOC associate to PBAP without assumptions about the parti-

X cles properties.
(Kanakidou et a].2009. The identification of carbonaceous particle sources is

mandatory to better understand and predict the effect of
5 Conclusions aerosol on climate, in fact it allowed us to point out the
inaccuracies of aerosol global model simulations in South
The EUCAARI project supported a scientific effort to better America. The comparison of aerosol composition with TM5
characterize the chemical properties of atmospheric aerosalobal model underlined the need of accurate and up-to-date
in developing countries facing a rapid economic growth. Asemission inventories for biomass burning and a better con-
part of this effort, the composition of fine and coarse aerosolsstrain for SOA. The observations also showed the relevance
was investigated in a Brazilian forest site from February till of PBAP on the global scale carbon budget.
September 2008.
This paper illustrates the first long term measurementgicknowledgementsive acknowledge lvia Oliveira, Ana Lu--
performed in an Amazon forest undisturbed site since 200£12 Loureiro, Alcides C. Ribeiro and Fernando Morais, for helping

. - . . with the sampling site management and the sample collection. We
(Martin et al, 2010, characterizing the chemical composi rthank INPA (Instituto Nacional de Pesquisas da Amazonia) for

tion of fine {?md coarse aerosql mass during both dry and WeIogistical and operational support. This work is supported by the
season. This new set of data is extremely useful to show ho"léuropean Commission on the IP EUCAARI (036833-2) project.

the Amazon fire reduction of the last decade affected the repg 1o Artaxo acknowledges FAPESP and CNPq for funding his
gional background aerosol composition and to point out thecomponent of this research.
need of up-to-date biomass burning inventories.
The average fine and coarse aerosol mass concentratidfdited by: E. Vignati
was 2.4 ug m3 and 7.9 ug m3 during the wet season, and
4.2pugnre and 7.6 ugm? during the dry season, respec-
tively. Fine and coarse masses were dominated by carbona-
ceous particles. The average OC to aerosol mass ratio was

Organic Carbon (ug m-3)
(g-w B1) uoque) |ejuswalg
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