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Abstract

The quantification of sources of carbonaceous aerosol is important to understand their
atmospheric concentrations and regulating processes and to study possible effects on
climate and air quality, in addition to develop mitigation strategies.

In the framework of the European Aerosol Cloud Climate Interaction (EUCAARI)5

project fine (Dp<2.5 µm) and coarse (2.5 µm<Dp<10 µm) aerosol particles were sam-
pled from February to June (wet season) and from August to September (dry season)
2008 in the Central Amazon Basin. The mass of fine particles averaged 2.4 µg m−3 dur-
ing the wet season and 4.2 µg m−3 during the dry season. The average coarse aerosol
mass concentration during wet and dry periods was 7.9 and 7.6 µg m−3, respectively.10

The overall chemical composition of fine and coarse mass did not show any season-
ality with the largest fraction of fine and coarse aerosol mass explained by organic
carbon (OC); the average OC to mass ratio was 0.4 and 0.6 in fine and coarse aerosol
modes, respectively. The mass absorbing cross section of soot was determined by
comparison of elemental carbon and light absorption coefficient measurements and it15

was equal to 4.7 m2 g−1 at 637 nm. Carbon aerosol sources were identified by Positive
Matrix Factorization (PMF) analysis of thermograms: 43% of fine total carbon mass
was assigned to biomass burning, 34% to secondary organic aerosol (SOA), and 23%
to volatile species that are difficult to apportion. In the coarse mode, primary biogenic
aerosol particles (PBAP) dominated the carbonaceous aerosol mass. The results con-20

firmed the importance of PBAP in forested areas.
The source apportionment results were employed to evaluate the ability of global

chemistry transport models to simulate carbonaceous aerosol sources in a regional
tropical background site. The comparison showed an overestimation of elemental car-
bon (EC) by the TM5 model during the dry season and OC both during the dry and wet25

periods. The overestimation was likely due to the overestimation of biomass burning
emission inventories and SOA production over tropical areas.
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1 Introduction

Carbonaceous aerosols play a major role in aerosol climate impact, through a direct
and an indirect effect on incoming solar radiation. Carbonaceous aerosols are treated
here as composed by organic carbon (OC) and a strongly light-absorbing carbona-
ceous component that, consistently with the IPCC report (IPCC, 2001) we will call5

soot. The acronym OC identifies carbon that composes organic molecular species
and polymeric compounds; their contribution to aerosol mass is defined as organic
mass (OM), which includes also the contribution of hydrogen, oxygen and other ele-
ments associated to carbon in organic molecules. Soot has a graphite-like structure
and is generated by incomplete combustion of organic material; this component of10

ambient aerosol is also referred to as elemental carbon (EC) and equivalent black
carbon (EBC), although we should keep in mind that the use of one of these terms
implies a different empirical definition (Bond and Bergstrom, 2006). EC is measured
by thermal-optical techniques and corresponds to the more refractive component of
carbonaceous aerosols. EBC definition is based on aerosol optical properties and it is15

quantified by the intensity of light attenuation.
The direct effect of carbonaceous aerosols on climate is due to scattering and ab-

sorption of sunlight, while the indirect effect is due to the aerosol ability to affect cloud
properties and cloud lifetime. The influence of atmospheric species on climate is quan-
tified by their radiative forcing. The total aerosol radiative forcing is estimated to be20

−0.5±0.4 W m−2, with soot having a contribution equal to +0.2±0.1 W m−2 and OC
equal to −0.3±0.1 W m−2 (IPCC, 2007; Andreae and Crutzen, 1997; Liao et al., 2004).
The large numerical uncertainties are caused by the limited understanding of chemi-
cal and physical properties of carbonaceous particles and by the difficulties to model
carbon particles on a global scale (Goldstein and Galbally, 2007; Fuzzi et al., 2006).25

The inaccuracy of carbonaceous aerosol modeling is mainly due to the uncertainties
of anthropogenic and natural emission inventories, and to the description of secondary
organic aerosol; the large change in land use that recently affected tropical forested
areas compromises even more the inventory accuracy (Kanakidou et al., 2005).
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Our interest in the Amazon area is due to the large contribution of South American
continent to the global aerosol carbon budget. South America is responsible for 16%
of the global soot emissions and 22% of the primary OC emissions from open burning
and contained combustion (Bond et al., 2004). The largest contribution comes from
the open burning that is localized in the northern part of the continent, including the5

Amazon area (Streets et al., 2004). In addition to primary carbonaceous aerosols, the
Amazon contributes significantly to secondary OC through oxidation of volatile organic
compounds (VOC) emitted by forest vegetation. The Amazon Basin is an important
source of carbonaceous aerosol also on the global scale. In fact this area is charac-
terized by an intense convective activity that lifts air masses towards high altitudes and10

allows them to be transported to long distances (Andreae et al., 2001; Staudt et al.,
2001), increasing the relevance of regional aerosol on a global scale.

Carbonaceous aerosol sources in the Amazon Basin follow a marked seasonality
(Martin et al., 2010). During the wet season carbonaceous aerosol mass is dominated
by primary biological aerosol particles (PBAP) and secondary organic aerosol (SOA)15

(Graham et al., 2003; Decesari et al., 2006; Prenni et al., 2009; Chen et al., 2009).
PBAP found in the Amazon forest include viruses, bacteria, fungi, spores, pollen, and
plant debris; their size ranges from few nanometers to millimeters (Elbert et al., 2007;
Graham et al., 2003). SOA are formed by nucleation and condensation of oxidation
products of VOCs, such as isoprene and terpenes, and they represent a significant20

fraction of fine aerosol mass. During the dry season (June–November) the weather
conditions facilitate ignition and diffusion of fires, increasing the contribution of py-
rogenic particles to fine carbonaceous aerosol (Guyon et al., 2003; Decesari et al.,
2006).

The Amazon Basin aerosols have been studied during the past decades; most of the25

literature data reports concentration of elements (by PIXE analysis) and explain a lim-
ited fraction of the aerosol mass (Artaxo et al., 1990, 1994; Echalar et al., 1998; Guyon
et al., 2003, 2004). Only a small number of experiments included measurements of
carbonaceous aerosol (Artaxo et al., 2002; Decesari et al., 2006; Graham et al., 2003;
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Soto-Garcia et al., 2010). These experiments were carried out between 1999 and
2002, when the Amazon deforestation rate was about 2 times larger than now. The
decrease of deforestation rate together with rapid economic growth of South American
countries require an up-dated investigation of aerosol properties and sources.

The work presented here is part of the European Aerosol Cloud Climate Interaction5

(EUCAARI) project (Kulmala et al., 2009), which aims at reducing the uncertainties of
aerosol particle effects on climate. The first part of the EUCAARI project in Amazonia
overlapped with the Amazonian Aerosol Characterization Experiment 2008 (AMAZE-
08) (Gunthe et al., 2009; Martin et al., 2010; Pöschl et al., 2010). The goal of this
paper is to gain insights of properties and sources of carbonaceous aerosol in an area10

that contributes substantially to the global budget of carbonaceous particles. Chemical
composition of fine and coarse aerosols during 2008 wet and dry season are pre-
sented. Differently from most of the previous studies, the chemical measurements are
able to describe completely the aerosol mass. Carbonaceous aerosols are character-
ized as OC and soot and their thermal-optical properties are used to identify carbon15

sources. OC and soot data are then compared to model results to identify the weak-
nesses of carbon modeling in a regional background forested area, constraining the
contribution of biogenic and pyrogenic particles, to eventually reduce the uncertainty in
aerosol global forcing.

2 Measurement description20

2.1 Aerosol sampling

The sampling site is a mostly pristine rain forest site located about 60 km north-
northwest of Manaus (Fig. 1) in the Reserva Biologica do Cuieiras in Brazil (2.595◦ S
60.209◦ W, 110 m a.s.l., see Fig. 1). The site is downwind of pristine forest for more than
2000 km, since the prevailing winds are from the northeast, bringing Atlantic Ocean air25

masses over 2000 km of pristine forest (Fig. 2) (Ahlm et al., 2009; Martin et al., 2010).
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Occasionally some air masses from the south pass over the urban area of Manaus,
and reach the site but with very little effects over the aerosol mass and composition
over long term measurements.

Aerosol sampling was performed under the forest canopy from 10 February to 5 June
and from 17 August to 19 September 2008. The first part of the sampling campaign5

(February–June) corresponded to the Amazonian wet season, while the second part
(August–September) fell during the 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, while the dry period was characterized
by a larger variability, and the direction of back-trajectories varied from the northwest10

to the north to the southeast. Meteorological parameters averaged during the filter
sampling periods are shown in Fig. 3a. Temperature did not differ significantly during
the two seasons: the average value was 26 ◦C. The average relative humidity clearly
decreased from 85% during the wet season to 75% during the dry season, and the
average precipitation dropped from 11 mm to 5 mm per day. Rain events were observed15

almost every day, both during wet and dry season.
Aerosol particles were collected on 47 mm quartz filters at a flow rate of 16.7 L min−1;

sampling period was 72 h due to low aerosol loading. Fine particles (aerodynamic di-
ameter below 2.5 µm) and coarse particles (aerodynamic diameter between 2.5 and
10 µm) were collected simultaneously using a Dichotomous Partisol sampler (Rup-20

precht and Patashnick Co., Inc). Quartz filters were not pre-treated prior to analysis.
Aerosol collection on quartz filters might lead to negative artifacts due to volatilization

of ammonium nitrate and organic species, and to positive artifacts due to absorption
of semi-volatile species, i.e. low molecular weight organics (Putaud et al., 2004 and
reference therein). To avoid negative sampling artifacts, one Whatman 41 paper filter25

was sampled simultaneously on the back of each quartz filter used to collect the fine
aerosol fraction; in fact, paper collection substrate is less sensitive to volatilization
losses of ammonium nitrate (Putaud et al., 2002). The concentration of ammonium
and nitrate in the aerosol phase was then calculated as the sum of quartz and paper
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filter concentrations and the reconstructed chemical mass of fine particles included
ammonium and nitrate from the two substrates. Denuder units were employed to avoid
positive sampling artifacts: volatile organic carbon was removed from the sampled air
upstream the filter with activated carbon honeycomb denuders, while gaseous nitric
acid and ammonia were removed with two glass denuders coated with sodium chloride5

and citric acid, respectively.

2.2 Aerosol chemical and gravimetrical analysis

Fine and coarse mode aerosol masses were determined gravimetrically. Filters were
weighted before and after sampling, after conditioning for 24 h at controlled tempera-
ture and relative humidity (21±2 ◦C , 35±4%, on average). The mass detection limit, de-10

fined as the blank mass plus three times the blank standard deviation, was 1.1 µg m−3.
The high detection limit is due to the variability of quartz blank filter weight; precision
was about 15%. Coarse aerosol mass concentration was above detection limit during
the entire campaign, while the fraction of fine samples with detectable mass concen-
tration was about 30% during the wet season and 90% during the dry season.15

EC and OC concentrations were measured by thermal-optical analysis with a Sun-
set Laboratory Dual-Optical Carbonaceous analyzer. A modified version of protocol
EUSAAR 2 (Cavalli et al., 2010) was employed; the protocol was modified with longer
heating steps in order to assure the complete evolution of the carbon fractions. The un-
certainties of OC and EC measurements averaged 25% and 50%, respectively. The er-20

rors were determined based on the method reproducibility and the instrumental blanks
(Birch and Cary, 1996).

Equivalent black carbon (EBC) was measured on the quartz filters with a light re-
flectance technique (smoke stain reflectometer model 43) that quantifies the light ab-
sorbing carbon deposited on each quartz filter from the reflectance of broadband visible25

light (Andreae, 1983; Andreae et al., 1984; Reid et al., 1998). This measurement tech-
nique, usually applied to polycarbonate filters, was here used on quartz filters (Graham
et al., 2003; Guyon et al., 2003).
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Punches of quart and paper filters (1.5 cm diameter) were extracted with ultrapure
water (18.2 MΩ cm) and analyzed by ion chromatography to determine major water
soluble inorganic ion concentrations (chloride, nitrate, phosphate, sulfate, sodium, am-
monium, potassium, magnesium, and calcium). Assuming that the ion balance of water
extracts was neutral, carbonate concentration was calculated from the difference be-5

tween the number of cation and anion equivalents. Such a difference was close to zero
for fine aerosol samples and larger than zero for coarse particles, where carbonate
was expected to be associated to soil dust. Still the amount of carbonate (less than 2%
of coarse mass) was negligible compared to OM (on average 83% of coarse mass) to
interfere with carbonaceous aerosol thermal-optical analysis.10

As part of the quality control procedure, an aliquot of standard reference material
SRM 2694 (simulated rainwater) was analyzed simultaneously to each sample batch
and the agreement between certified values and measured concentrations was veri-
fied. The ion concentration uncertainty was calculated with the propagation error for-
mula and taking into account the integration, calibration, dilution errors, and the blank15

variability. Chloride, nitrate, sodium, and magnesium showed the highest uncertain-
ties (30–40%); for ammonium, calcium, and carbonate the average uncertainty ranged
between 20% and 30%, while for potassium and sulfate the uncertainty was smaller
than 15%. For all the species the propagated error values was dominated by blank
variability.20

2.3 PMF analysis of thermograms

Several authors investigated Amazon aerosol sources. Some of them used tracer anal-
ysis (Claeys et al., 2010), that leads to a detailed identification of a certain fraction of
aerosol sources, other authors (Artaxo et al., 1990; Echalar et al., 1998; Guyon et al.,
2004) used Principal Component Analysis (PCA) and Absolute Principal Component25

Analysis (APCA), which apportion the entire mass even if with less details. Compared
to PCA, Positive Matrix Factorization (PMF) is a more recent advance in source appor-
tionment and has several advantages. PMF scales each data point individually on the
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basis of its uncertainty and this is important for remote sites where concentrations are
often close to the detection limits. In addition, PMF constrains solutions to be positive.
As PCA, PMF does not require to know the source profiles to apportion the different
aerosol sources. PMF analysis of infrared spectra (Liu et al., 2009; Russell et al., 2009)
and mass spectra (Zhang et al., 2007) was successfully used to identify carbonaceous5

aerosol sources in urban, rural and remote locations. The innovative idea presented
in this paper is the use of PMF applied to thermograms obtained from thermo-optical
analysis of the carbonaceous fraction of fine and coarse aerosols.

Carbonaceous aerosol sources were identified with Positive Matrix Factorization
(PMF) analysis of sample thermograms using EPA PMF 3.0 software (Norris et al.,10

2008). The term thermogram indicates the flame ionization detector (FID) response
recorded versus time during the thermal-optical ECOC analysis. To reduce the noise
level, thermograms were smoothed with a simple running average, reducing to 10%
the original number of points. The initial 20 s and the last 120 s of each thermogram
were discarded to eliminate noise associated to the initial fluctuation of temperature15

and to remove the calibration signal at the end of the thermogram.
In PMF each sample is weighted according to its overall uncertainty, which can

be estimated using the analytical uncertainty plus the method detection limit (Polis-
sar et al., 1998). Since each analysis could not be replicated more than once, it
was not possible to quantify the analytical error and apply the formula suggested by20

Polissar et al. (1998). Instead, we estimated the overall uncertainty using the repeata-
bility uncertainty and the minimum detection limit. The error matrix was here defined
as three times the standard deviation of the FID signal recorded during the blank anal-
ysis, and to take into account the analytical error an extra model uncertainty of 5% was
used. This relative uncertainty was estimated as repeatability standard deviation of25

analysis of replicate sucrose standard thermograms treated as sample thermograms.
To define the number of factors we took into account previous source apportion-

ment studies in the Amazon area. Artaxo et al. (1990) described fine and coarse
aerosol mass using two components with APCA. Guyon et al. (2004) reconstructed
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aerosol mass in a forest site using 4 components: one was assigned to biomass
burning, two components associated to biogenic aerosol, and the fourth component
remained unassigned. Based on these literature studies we considered unlikely the
presence of more than 4 sources, and thus the need of more than 4 profiles. Then,
we investigated how the number of factors affected the quality of fit through the Q pa-5

rameter, and the dependency of different factors. Three factors were used to explain
both fine and coarse carbonaceous aerosol mass, since they minimized the Qrobust to
Qtheoretical ratio. The Q parameters corresponding to the fine aerosol analysis were
Qtheoretical=5931, Qrobust=4244, and Qtrue=4735, while the coarse aerosol analysis led
to Qtheoretical=5931, Qrobust=4243, and Qtrue=4314. The three factors were independent10

both for fine and coarse dataset.
In order to optimize the results of PMF analysis, the rotational freedom of the PMF

solutions was investigated through the tuning of Fpeak values between −2 and +2
(Paatero et al., 2000). Fpeak equal to zero was chosen as the best solution, since it
minimized the parameter Q.15

2.4 Modeling of aerosol chemical composition

The global chemistry transport model TM5 was applied to simulate the aerosol concen-
trations of organic and inorganic species. TM5 is an off-line global model (Krol et al.,
2005) that uses as input the meteorological data of the ECMWF model and provides
aerosol species and trace gas distribution based on global emissions. It has a spatial20

resolution of 6◦×4◦; a two–way zooming algorithm was applied over South America to
obtain a resolution of 1◦×1◦. The vertical structure is composed by 25 layers up to
100 mbar with a higher resolution in the boundary layer and around the tropopause.
The height of the first layer is approximately 50 m.

Surface processes are globally treated on a resolution of 1◦×1◦. Photochemistry25

and aerosols are coupled in this version of the model. Particles, which are internally
mixed and can contain sulfate, ammonium, and nitrate are described using a bulk ap-
proach, even though for the calculations of the scavenging processes they are implicitly
assumed to be in the accumulation mode. The model treats BC and OC as primary
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aerosols and does not calculate the Secondary Organic Aerosols (SOA); however, fol-
lowing the suggestions from the AEROCOM exercise (Dentener et al., 2006) SOA are
treated as primary and emitted in the model atmosphere.

Gas phase chemistry is calculated using the CBM–IV chemical mechanism (Gery
et al., 1989a,b) modified by Houweling et al. (1998), solved using the EBI method5

(Hertel et al., 1993). The equilibrium model EQSAM (Metzger et al., 2002b,a) is used
to calculate the partitioning between the aerosol and gas phases of ammonia, nitric
acid, ammonium and nitrate and the water attached to the particle in equilibrium with
the water vapor. Sulfate is assumed present only in the aerosol phase. It is formed by
the oxidation of SO2 (and DMS) in the gas phase by OH and in the aqueous phase by10

H2O2 and ozone.
Dry deposition is calculated using the ECMWF surface characteristics and the resis-

tance method (Ganzeveld and Lelieveld, 1995).
Wet deposition is the dominant removal process for most aerosols. Removal occurs

in convective systems (convective precipitation) and in large-scale stratiform systems15

that are associated with weather fronts. The in-cloud removal rates, which depend
on the precipitation rate, are differentiated for convective and stratiform precipitation
and are calculated following Guelle et al. (1998) and Jeuken et al. (2001). Aerosol
below-cloud scavenging is parameterized according to Dana and Hales (1976).

The emission inventories are from the Hemispheric Transport of Air Pollution exer-20

cise (TF HTAP, 2007). Although defined as BC emission inventories the inventories
used in this work were constructed using emission factors predominantly based on
thermal-optical measurements and therefore they represent a more elemental carbon-
like carbonaceous compound rather than BC (Vignati et al., 2010). Thus it is more
appropriate to compare the modeled values with EC measurements.25

The model has been evaluated in model intercomparison exercises (Textor et al.,
2006), using in-situ, satellite and sunphotometer measurements (de Meij et al., 2006;
Vignati et al., 2010), and applied for the year 2001. Outputs of monthly averaged
surface fields are used for the analysis.
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3 Results

3.1 Fine and coarse mass

Table 1 shows the average concentrations of gravimetric aerosol mass, reconstructed
chemical mass, and carbonaceous species, together with the concentration of non-
carbonaceous species as reference; the averages were calculated only including val-5

ues above detection limit. The reconstructed chemical mass was calculated using the
organic mass (OM) to OC ratio of 1.7 for fine aerosol mode and 1.4 for coarse aerosol
particles. The OM to OC ratio is expected to range between 1.4 for less oxidized/fresh
aerosol and 2.2 for more oxidized/aged aerosol (Gilardoni et al., 2009; Russell, 2003).
The fine aerosol mode ratio of 1.7 was chosen accordingly to the value determined for10

submicron particles by AMS measurements (Chen et al., 2009), while the ratio 1.4 was
used for coarse particles because coarse OC is expected to be mainly primary.

Fine aerosol mass during the wet season was most of the time close or below detec-
tion limit (1.1 µg m−3) and the reconstructed chemical mass was 2.4 µg m−3. During the
dry season fine mass concentration almost doubled, averaging 4.2 µg m−3; including15

the sum of ammonium and nitrate concentration from quartz and paper filters, the cor-
responding reconstructed mass (5.5 µg m−3) was larger than the gravimetric average.
The mass of coarse aerosol mode averaged 7.9 and 7.6 µg m−3 during wet and dry
season, respectively, with the chemical reconstructed masses explaining 90 and 92%
of the gravimetric masses. Mass concentrations reported in this study agreed within20

experimental error with the concentrations measured with stacked filter unit (SFU) sys-
tem deployed at the same site (see Table 1 for comparison).

Figure 3b shows the time series of fine aerosol mass together with PM10 mass,
where PM10 was calculated as the sum of fine and coarse mass. Fine mass clearly
increased passing from the wet to the dry period, while PM10 was quite variable during25

the entire campaign, and it did not show any seasonality. PM10 concentration averaged
10.3 µg m−3 during the wet season and 11.4 µg m−3 during the dry season. The con-
tribution of fine particles to aerosol loading during the dry season was 2 times larger
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compared to the wet season: on average fine particle mass represented 21% of PM10
(10 to 40%) during the wet months, and 39% (25 to 60%) during the dry ones; yet, the
seasonal difference was not as marked as in forest areas strongly affected by biomass
burning, where the average contribution of fine particles to PM10 was 60% (Alta Flo-
resta) (Echalar et al., 1998) and 80% of (Rondônia) (Artaxo et al., 2002) during the dry5

season.
Concentrations of fine aerosol larger than 4 µg m−3 were associated with lower pre-

cipitation rate (below 10 mm day−1), suggesting that sources and removal mechanisms
of fine particles were affected by weather conditions: dry weather promoted biomass
burning and increased fine particle concentration, while rain scavenged fine particles10

and reduced fine mass concentration. Conversely, coarse aerosol concentration was
not affected by rain events. This is consistent with the large contribution of primary
biological aerosol particles to the coarse mass and the fact that wet weather conditions
have opposite effects on PBAP concentration: rain removes this kind of particles and
water vapor promotes their release (Graham et al., 2003).15

3.2 Carbonaceous aerosol

The percentage contributions of OM, EC and inorganic ions to fine and coarse mass
are displayed in Table 1. Although the absolute species concentration varied passing
from the wet to the dry season, no relevant differences were noted in the mass percent-
age composition. The most abundant component of fine and coarse aerosol mass was20

OC. In the fine aerosol mode the OC to mass ratio was 0.4, while in the coarse mode
the ratio was equal to 0.6. On average OM concentration represented 72% of fine mass
and 85% of coarse mass. During the wet season the OM concentration of fine aerosol
mode average 1.7 µg m−3, slightly larger than the concentrations measured with AMS
in submicron particles (0.6–0.9 µg m−3) (Chen et al., 2009); the comparison indicates25

that the submicron OM represented 40–60% of fine mode OM.
OC fine concentration increased during the dry season, while OC coarse was similar

during the two periods. The different seasonal variability is due to different sources of
29935
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OC fine and coarse. OC fine during the dry months received a large contribution from
forest and savanna burning emissions, not as important during the wet months. On
the other side, OC coarse is associated mainly to PBAP (Pöschl et al., 2010), whose
release seemed not be affected by seasonality (Echalar et al., 1998).

The seasonality of soot concentration, determined from EC and EBC measurements,5

was similar to that of fine OC. Higher values were measured during the dry season,
when a larger number of fires was intercepted by the back-trajectories reaching the
site, as shown in Fig. 2. EC and EBC were present mainly in fine aerosol particles,
while their concentration in coarse particle was often below detection limit, and for this
reason coarse EBC will not be discussed in this paper.10

During the wet season fine particle EC and EBC concentration agreed within the
experimental error and their averages were 110 and 130 ng m−3, respectively. The EBC
to fine mass ratio was about 0.06 in agreement with the values reported for Balbina,
a forest site near Manaus in 1998 and 2001(Pauliquevis et al., 2007). The presence of
a non-negligible amount of soot during the wet season might be related both to the use15

of biomass burning for home cooking throughout the year, to the influence of south-
American Northern Hemisphere fires, and to the long range transport of combustion
aerosol from Africa, as occasionally observed (see Sect. 3.3).

Aerosol light absorption coefficient (Babs) was measured in parallel with a Multi An-
gle Absorption Photometer (MAAP) from February 2008 till July 2009. Due to instru-20

mental failures, measurements were interrupted during August and September 2008,
limiting the comparison with chemical composition data to the wet season. Figure 4
shows the correlation of Babs at 637 nm and elemental carbon concentration in PM10

aerosol mode (r2=0.83); Babs were calculated as the average of 60 min resolution data
integrated over the filter collection periods. The error bars displayed in the graph cor-25

respond to uncertainty of EC measurements (on the x-axis) and variability of aerosol
absorption coefficient over the integrating period (on the y-axis). The mass absorp-
tion cross section (MAC), corresponding to the slope of the orthogonal linear fit, was
4.7 m2 g−1. At our best knowledge this is the first measurement of MAC in a regional
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background site in Amazonia. Although the large error bars, the data points are clearly
located below the 6.6 slope line corresponding to the MAC suggested by the instrument
manufacturer at the same wavelength. Moreover, the MAC observed in urban sites and
adjusted to 637 nm are usually higher than one we observed; for example, the values
measured by (Petzold and Schönlinner, 2004) ranged between 7.8 and 9.2 m2 g−1,5

while Bond and Bergstrom (2006) suggested to use a value of 6.4 m2 g−1. The smaller
MAC in Manaus compared to that of more polluted sites is likely due to a smaller soot
particle coating and consequently smaller coating lens effect, in agreement with the
trend observed by Liousse et al. (1993) during the comparison of urban and remote
sites.10

During the dry season fine particle EC and EBC concentrations averaged 240 and
530 ng m−3, respectively. Figure 5a shows that the dry season EBC was generally two
times larger than the corresponding EC.

Previous studies showed that the fine EBC concentrations measured in Balbina at
the end of the wet period (Graham et al., 2003) was about 6 times larger than EC15

values; similarly, Guyon et al. (2003) reported that EBC above the canopy level in
Rondônia was about 3 times larger than EC. The difference between EC and EBC
was attributed to PBAP in fine aerosol, able to absorb visible light, and thus leading
to overestimation of EBC. This conclusion does not apply to the analysis performed
in this study, since the discrepancy was observed only during the dry period and the20

concentration PBAP in fine particles was negligible.
The discrepancy between EC and EBC measurements observed in this study could

be justified by the underestimation of EC or overestimation of EBC.
Underestimation of EC occurs when some fractions of EC evolved during the first

stage of the thermal-optical analysis, in He-mode, together with the OC fraction. To25

avoid this source of uncertainty the maximum temperature reached in He atmosphere
was set equal to 650 ◦C (Cavalli et al., 2010). The premature evolution of EC was
ruled out by the analysis of laser transmittance acquired during the EC/OC analysis. In
fact, EC is able to absorb laser light (wavelength 678 nm), and when it evolves, laser
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transmittance through the filter increases. During the analysis of samples in this study
the laser signal reached its minimum at 650◦ and did not increase until the He-oxygen
mode, indicating no loss of EC during the He mode.

The presence of light absorbing species, different than carbon, might lead to an over-
estimation of EBC, especially when broadband visible light is employed; for example,5

dust might interferes with EBC measurements because some mineral components, like
hematite, are able to absorb the short wavelengths. To exclude overestimation of EBC
due to dust transport not related to fire events, Fig. 5b shows the comparison of sol-
uble potassium and EBC concentration normalized to fine mass. EBC is emitted by
combustion processes, and soluble potassium is a tracer for biomass burning, as well10

as dust. The scatter plot indicates that EBC and K+ correlated during the dry period
(r2=0.93), with slope equal to 0.22. The K+ to EBC ratios lied between the ratios ex-
pected for vegetation flaming and smoldering (0.10–0.24), confirming that vegetation
fires were the main sources of both K+ and EBC during the dry season.

In addition to dust, organic species released during fires can contribute to the over-15

estimation of EC and to a larger extent to that of EBC. Reid et al. (1998) already
observed a discrepancy larger than 40% between EBC and EC during the analysis of
smoke plume in the framework of the SCAR-B experiment in Brazil. It’s known that
vegetation combustion produces a class of organic species, defined as brown carbon,
able to absorb visible light as a consequence of aromatic and unsaturated hydrocarbon20

molecular structure (Alexander et al., 2008; Andreae and Gelencser, 2006). Brown car-
bon is part of OC fraction, but since it absorbs radiation with wavelength smaller than
650 nm (Kirchstetter et al., 2004), it is accounted as EBC by optical techniques that use
visible broadband light (390–750 nm). This would lead to a larger EBC concentration
compared to EC.25

Based on the set of data available during the dry season, we are not able to dis-
criminate between fire resuspended dust and brown carbon as source of interference
during EBC measurements.
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3.3 Pyrogenic aerosol events during the wet season

EC concentrations from 10 to 13 February and from 23 February to 3 March were two
to three times larger than the average observed during the wet months and similar
to the concentrations of the dry period, indicating the likely influence of combustion
emissions. During the wet season fires in South America were located to the northwest5

of the sampling site while the back-trajectories were from the northeast excluding the
influence of South America open burning emissions.

During the same periods the concentration of nitrate and sulfate went up to
630 ng m−3 and 250 ng m−3, respectively, largely higher than the seasonal averages
(Table 1). Aerosol sulfate and nitrate are produced by the oxidation of gas-phase sulfur10

and nitrogen oxides to form nitric and sulfuric acids; these acids are then neutralized by
ammonia in the aerosol phase. During most of the sampling campaign the equivalent
concentration of sulfate and nitrate correlated very well with ammonium with a slope
close to one (1.01±0.04, r2=0.86), indicating that ammonium fully neutralized the acids
as NH4NO3 and (NH4)2SO4. During the pyrogenic aerosol events of 10–13 February15

and 23 February–3 March the equivalent ratio of SO2+
4 and N+

3 relative to NH+
4 was

larger than two.
Elemental analysis of aerosol samples collected in parallel showed that during the

pyrogenic events, dust concentration was significantly higher than the background
(Prenni et al., 2009). The heterogeneous reaction of dust with acidic species (Usher20

et al., 2003; Feng and Penner, 2007; Hwang and Ro, 2006) justifies the enhanced
concentration of nitrate and sulfate relative to ammonium. Moreover, global chem-
istry transport model and Raman LIDAR measurements indicated that dust aerosol
observed in February in Manaus was transported from the Sahara region (Ansmann
et al., 2009; Prenni et al., 2009).25

The concomitant peaks of African dust and biomass burning tracers in February
suggests that the pyrogenic aerosol events observed in Manaus during the wet sea-
son were due to African biomass burning emissions. This is consistent with African
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seasonality of biomass burning, that goes from October to March and occurs mainly
in the Sahel, south of the Sahara area (Roberts et al., 2009). These observations in-
dicate that out-of-continent biomass burning can contribute significantly to the loading
and optical properties of fine aerosol during the wet season.

4 Discussion5

4.1 Comparison with previous studies

For comparison the average fine and coarse mass concentration in South America
regional background sites during the last 20 years are presented in Table 2. Data
reported refer to measurement periods longer than 30 days, to guarantee the repre-
sentativeness of the mean values; for OC shorter period measurements are included10

due to the lack of data. The sites (Fig. 1) are classified as forest, pasture, and sa-
vanna areas. The forest type indicates sampling locations surrounded by pristine rain
forest; among the forest group, Alta Floresta is the only site characterized by nearby
land clearing and anthropogenic activities (i.e. strong land use change and gold min-
ing) (Echalar et al., 1998). Pasture sites are strongly affected by biomass burning due15

to agricultural or land clearing activities, especially during the dry months. Similarly,
savanna sites are heavily affected by regional wildfire burning emissions.

Fine mass during the dry season averaged 64, 37, and 30 µg m−3 in the pasture, for-
est, and savanna areas, respectively. The average dry fine mass in the forest sites was
about ten times higher compared to the concentration measured during the present20

study, and it was even higher than the savanna mean value. The forest fine mass
concentration showed a large variability from site to site, and the high average is due
to the higher concentrations observed at the two sites in Rondônia (Alta Floresta and
Reserva Biologica Jarú). The concentrations measured in this study were of the same
order of magnitude of those measured at Balbina, a forest site located 100 km to the25

northwest.
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Coarse mass concentration did not differ significantly for the different site categories;
the average values during wet and dry season were 12 and 32 µg m−3 in the savanna
sites, 8 and 21 µg m−3 in the forest, and 6 and 17 µg m−3 in the pasture areas, re-
spectively. Literature reports short episodes characterized by very high coarse mass
concentration (higher than 50 µg m−3) that were related to long-range transport events5

of Saharan dust (Artaxo et al., 1994; Talbot, 1990). Excluding Alta Floresta among the
forest sites, because of occasional anthropogenic influence, the forest average coarse
mode mass concentration would be 6 and 7 µg m−3 during the wet and dry season, re-
spectively. Those values are very similar to the concentrations observed in this study.

Equivalent black carbon (EBC) in the South America regional background sites is10

a tracer of biomass burning emissions as well as other absorbing aerosols, such as
biogenic and long range transport of industrial emissions; the comparison of EBC con-
centration among different sites helps us to understand the seasonality and the time
variability of these sources. Unfortunately EBC is strongly dependent on the ana-
lytical technique employed for its measurements, so the comparison between values15

measured by different techniques and during different campaigns might be misleading.
EBC data here reported correspond to EBC concentrations obtained by optical mea-
surements; thus EC values (i.e. thermal–optical measurements) are not included in
Table 2. Only a few campaigns reported EBC measurements in pasture and savanna
areas. In the forest sites EBC concentration was higher during the dry season com-20

pared to the wet season, as expected due to the seasonality of biomass burning. The
fine particle EBC concentration measured in this study was close to the lower bound
of forest site range: 0.5–7.7 µg m−3 during the dry season, and 0.1–1.5 µg m−3 dur-
ing the wet season; the contribution of biomass burning during this study was smaller
compared to campaigns performed during previous years and in different sites. These25

results agree with the reduction of 30% of deforestation rate observed in 2008 com-
pared to the previous decade (INPE http://www.inpe.br).

OC measurements in Amazonia are available only for a small number of sites and
seasons. During the dry season OC at the pasture site of Fazenda Nossa Senhora
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Aparecida (FNSA) was one order of magnitude larger than the concentration observed
at the Balbina forest site. Similarly, the EBC concentration was 10 times larger. Most
likely biomass burning was responsible for the different EBC and OC concentration,
as well. OC concentration during this study was larger than the values measured in
Balbina, especially during the dry season, although the OC to mass ratio was quite5

similar.
Aerosol mass concentrations and carbonaceous species concentrations measured

during this study show that the site was representative of the Amazon forest regional
background.

4.2 Carbonaceous aerosol sources10

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
to EC/OC thermograms. The term thermogram indicates the flame ionization detector
(FID) signal recorded versus time by the thermal-optical analyzer. Thermograms of
fine and coarse samples were analyzed separately as we expected different carbon15

sources for different particle size modes. The PMF analysis describes fine and coarse
TC as the sum of independent factors; each factor was interpreted as a carbon source
and the factor profile was the thermogram of the corresponding source.

Fine carbon aerosol factors are reported in Fig. 6a. Factor 1 had a large contribution
of carbon species that evolved at low and medium temperature in He environment; 50%20

of factor 1 carbon mass evolved below 300 ◦C. Factor 2 showed a large carbon mass
fraction that evolved in oxidizing environment, i.e. EC and/or pyrolytic carbon produced
during the first heating steps in He. Factor 3 was the most volatile factor and 63% of its
carbon mass evolved at 200 ◦C in He.

PMF factors from the analysis of coarse aerosol particles are displayed in Fig. 6b.25

More than 80% of carbon mass evolved in He environment for all the three factors.
Factor 1 and factor 3 were characterized by large peaks at 200 and 450 ◦C, but factor 1
had a slightly larger contribution of carbon mass that evolved in oxidizing conditions, at
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higher temperature. Factor 2 profile was characterized by a large peak at 450 ◦C that
corresponded to 50% of the carbon mass.

To identify carbon sources from PMF profiles, we analyzed a set of standards rep-
resentative of the Amazon aerosols. This set includes biogenic and anthropogenic
SOA from oxidation of VOCs in chamber experiments (Cavalli et al., 2010), open and5

contained biomass burning aerosols (Colombi et al., 2010), and PBAP (fungal spores,
fungi and pollens). Several SOA precursors were used and a variety of oxidation condi-
tions employed, as reported in Table 3. SOA are obtained by oxidation of alpha-pinene
(12 Torr) or toluene (650 Torr) with the addition of CH3ONO (24 Torr) to generate OH
radicals and NO (12 Torr). Photo-oxidation period was 1 h (experiments a in Table 3)10

and 5 h (experiments b). Biomass burning standards include aerosol produced by con-
tained combustion of pine wood, open combustion of grapevine branches in flaming
and smoldering conditions, and open burning of leaves of chestnut and oak (Colombi
et al., 2010). Single chemical compounds (i.e. fulvic acids and levoglucosan) were
analyzed, as well, but their similarities with PMF profiles were poor. Thermograms15

representative of each group are reported in Fig. 6c.
The comparison among PMF profiles and standard thermograms allowed us to as-

sign fine factor 1 to SOA. The correlation coefficient (r2) of factor 1 with SOA thermo-
grams ranged between 0.62 and 0.76, corresponding to significance level higher than
99.9%. The average carbon concentration from SOA was 0.4±0.2 µg m−3, with similar20

values during wet and dry season.
Fine factor 2 was assigned to biomass burning because of the similarity with com-

bustion aerosol thermograms and the correlation with biomass burning tracers. A large
fraction of carbon from factor 2 evolved in oxidizing environment, as for biomass burn-
ing aerosol thermograms. The correlation between factor 2 profile and combustion25

standard thermograms varied between 0.41 and 0.53 (significance level higher than
99.9%). The lower r2 values are likely due to aging processing that affected ambient
but not standard aerosols. Still it’s interesting to note that thermograms from contained
combustions were characterized by a larger fraction of carbon that evolved in oxidizing
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condition, compared with the open combustion. Moreover, carbon from factor 2 cor-
related with EBC, a tracer of biomass burning (r2=0.81, significance level 99.9%),
and correlated with the number of fires affecting the site during the sampling periods
(r2=0.47, 11 data points, significance level 97.5%). The number of fires was calcu-
lated as the number of hot spots detected by MODIS (Moderate Resolution Imaging5

Spectroradiometer, Terra thermal anomalies/fire daily L3 global 1 km SIN grid V005)
that were intercepted by the back-trajectories reaching the sampling site (10-day back-
trajectories from Hybrid Single-Particle Lagrangian Integrated Trajectory model calcu-
lated every 6 h). The spatial resolution of grid used to overlap back-trajectories and
fire spots was 1◦×1◦ and only fires that were less than 500 km distant were taken into10

account.
Subramanian et al. (2007) investigated the thermal properties of brown carbon pro-

duced during wood smoldering. The corresponding thermograms were characterized
by a large peak below 300 ◦C in helium and a couple of smaller peaks around 700 ◦C
in oxidizing environment. The thermograms were similar to the profile of fine factor 3,15

suggesting a possible link between the volatile species represented by fine factor 3 and
smoldering emissions.

Over the entire campaign 43% of fine carbon mass was due to biomass burning,
34% to SOA, and 23% to volatile species. The carbon fraction represented by SOA
and biomass burning were 39% and 33% during the wet season, and 16% and 76%20

during the dry season, respectively. Previous measurements in the Amazon forest
identified aerosol sources; since these studies apportioned aerosol mass rather than
carbon mass, a straightforward comparison could not be performed, instead the rel-
ative contribution of sources will be compared. During the wet season Pauliquevis
et al. (2007) reported that at Balbina the contribution of biogenic and biomass burning25

aerosol were comparable (45% and 37%, respectively), in agreement with this study.
AMS measurements performed during the wet season in 2008 (Chen et al., 2009) in-
dicated that SOA dominated the submicron organic aerosol during in-basin influence
periods.
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Literature studies indicated that PBAP composed the largest fraction of the coarse
mass (Artaxo et al., 1990; Echalar et al., 1998; Martin et al., 2010); pollen and fungi
(mainly yeast) were the PBAP characterized by the largest particle number concentra-
tion (Graham et al., 2003). A few coarse aerosol particles collecting in this study were
investigated with scanning electron microscopy (SEM). Figure 7 shows biogenic parti-5

cles visually recognized as pollens and characterized by the presence of biogenic ele-
ments (sulfur, potassium, and phosphorous). BPAP have been investigated by thermal-
optical analysis; pollens, yeasts, and fungal spores thermograms showed very similar
features (Fig. 6c).

Coarse factor 2 was assigned to biogenic particles because its profile strongly cor-10

related with that of PBAP (r2=0.83–0.94). Factor 2 composed 42% of coarse carbon
during the wet season and 44% during the dry season (about 40% of PM10 TC). Since
we were not able to assign the remaining two coarse factor profiles to specific sources,
we do not exclude that PBAP might represent a larger fraction of coarse carbon, as
biogenic particle types not included in the set of standards here reported might have15

different thermal properties.
The concentration PBAP from factor 2 averaged 2.4±1.4 µg m−3, with higher values

during the wet season, up to 6 µg m−3. These values agree with the global model
(Geos-CHEM) simulation of PBAP in the Amazon Basin (Heald and Spracklen, 2009).
The simulations, based on leaf area index and water vapor concentrations, are opti-20

mized using mannitol concentration measurements, a tracer of fungal spore emissions.
The agreement confirms that PBAP contribute significantly to the global carbon budget,
especially in forest areas.

Previous studies quantified PBAP by counting and assuming a known mass or car-
bon mass content per each particle (Winiwarter et al., 2009; Heald and Spracklen,25

2009; Huffman et al., 2010). Unfortunately the PBAP carbon content has a large vari-
ability, depending on the particle type (i.e. fungi and spores) and the species within
each type (i.e. different 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
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PBAP to aerosol TC.

4.3 Evaluation of carbonaceous sources in the model

The comparison with previous studies performed in forest, pasture and savanna ar-
eas proved that Manaus is a regional background site, thus the aerosol species con-
centrations can be discussed in the light of global model results. The comparison of5

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

2. to evaluate the impact of aerosol sources in this region.

Monthly average concentration of EC and OC are sampled from TM5 model output at10

the 1◦×1◦ resolution cell where the sampling site is located, and compared with monthly
averages of fine aerosol concentrations (Fig. 8). The comparison has a monthly time
resolution because the ECMWF data used in the model refer to a different meteoro-
logical year; the use of a higher time resolution would be inaccurate. Since the model
represents the accumulation mode, measured coarse particles were discard for the15

comparison.
EC was modeled correctly during the wet season but overestimated during the dry

season of about 30 to 60%. The peak of model values during the dry season cor-
responded to a peak of biomass burning inventory emissions. The inventory used to
simulate biomass burning was constructed from the climatological data (GFED) of the20

years 1997–2001 (Van Der Werf et al., 2004). Nevertheless, the fire count data re-
ported by the Brazilian National Institute for Space Research (INPE http://www.inpe.br)
indicated a marked decrease of forest fires in Brazil during the last decade. The num-
ber of fires observed during 2008 were 30% fewer compared to 2001 and about 35%
fewer compared to 1999. Since fewer fires were initiated during the EUCAARI cam-25

paign period, GFED inventories for EC overestimated the burning emissions and the
model overestimated the concentrations of EC.
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TM5 model overestimated OC both during the dry and the wet season by 60–80%.
Although the overestimation of biomass burning inventory for 2008 might explain part
of the discrepancy during the dry season, it does not justify the difference observed
during the wet period. During the wet season biomass burning and SOA explained
80% of fine carbon mass, and since EC was well modeled during the wet season, we5

excluded problems in modeling biomass burning; more likely SOA was responsible for
the difference between modeled and measured OC values. The excess OC during the
wet period, defined as the difference between modeled and measured OC, correlated
slightly with SOA carbon concentration (r2=0.56). The correlation indicates that for
higher SOA concentration we had higher discrepancy between model and observa-10

tions.
The overestimation of SOA in forest areas goes in a different direction relative to what

happens in urban areas, where global models tend to underestimate SOA production
(Kanakidou et al., 2005).

5 Conclusions15

The EUCAARI project supported a scientific effort to better characterize the chemi-
cal properties of atmospheric aerosol in developing countries facing a rapid economic
growth. As part of this effort, the composition of fine and coarse aerosols was investi-
gated in a Brazilian forest site from February till September 2008.

The average fine and coarse aerosol mass concentration was 2.4 µg m−3 and20

7.9 µg m−3 during the wet season, and 4.2 µg m−3 and 7.6 µg m−3 during the dry sea-
son, respectively. Fine and coarse masses were dominated by carbonaceous particles.
The average OC to aerosol mass ratio was 0.4 and 0.6 in fine and coarse aerosol mode,
respectively, while EC was present almost exclusively in the fine particles, with higher
concentration during the dry season: EC composed 4 and 10% of fine mass during25

wet and dry period, respectively. The similarity of aerosol mass concentration and
chemical composition with data reported by previous studies indicates that Manaus is
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a representative regional background forest site, and thus underpinned the importance
of carbonaceous aerosol on the global scale.

PMF analysis was applied to identify the carbonaceous aerosol sources. Biomass
burning composed 43% and SOA composed 34% of fine carbon mass. The relative
contribution of the two sources agreed with the results of previous studies in the Ama-5

zon Basin. PMF analysis of coarse aerosol carbon identified one factor with a profile
similar to that of PBAP and the average carbon concentration assigned to this factor
was 2.4 µg m−3, with higher values during the wet season. PBAP represented 43%
of coarse carbon mass. These results underlined that PMF analysis of carbonaceous
aerosol thermograms can be a valuable tool to investigate the contribution of SOA10

and PBAP to total carbon concentration, especially considering the lack of molecular
tracers for biogenic aerosol particles.

The identification of carbonaceous particle sources is mandatory to better under-
stand and predict the effect of aerosol on climate, in fact it allowed us to point out the
inaccuracies of aerosol global model simulations in South America. The comparison of15

aerosol composition with TM5 global model underlined the need of accurate and up-
to-date emission inventories for biomass burning and a better constrain for SOA. The
observations also showed the relevance of PBAP on the global scale carbon budget.
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Table 1. Time weighted average concentrations and mass percentage contribution of aerosol
species. Concentrations are in ng m−3, SD is the standard deviation, and n is 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

Massa – – – – – – 4.2 1.5 9 7.8 2.4 34 7.9 2.9 24 7.6 2.7 10
Rec Massa 3.0 2.1 42 2.4 1.4 30 5.5 3.0 12 7.3 3.0 42 7.4 3.0 30 6.9 2.4 12
SFU Mass 2.5 2.3 31 1.6 0.9 24 4.7 2.0 7 6.4 2.4 31 6.0 2.6 24 7.4 3.2 7
OCa 1.4 0.9 42 1 1.4 30 2.3 2 12 6.6 2.5 42 6.8 2.6 30 4.6 2.4 12
EC 150 120 41 110 80 30 240 160 11 50 40 25 50 40 22 20 10 3
EBC 256 260 40 130 100 30 520 330 10 50 20 36 60 20 29 20 10 7
SO−−

4 470 380 40 310 220 30 880 420 10 70 60 36 80 140 25 60 30 11
CO−−

3 – – – 130 70 42 130 70 30 130 70 12
NO−

3 90 60 39 90 60 27 80 40 12 90 40 15 – 110 50 7
Cl− – – – 110 80 5 120 60 5 –
NH+

4 180 150 38 110 80 27 350 160 11 – – –
K+ 60 70 32 30 20 22 130 80 10 60 40 39 70 30 29 60 20 10
Na+ 80 70 16 50 30 10 120 80 6 80 50 21 80 50 12 70 50 9
Ca2+ 40 20 31 40 20 23 40 20 8 40 40 42 50 50 30 40 20 12
Mg2+ – – – 20 10 36 20 10 26 30 10 10

OMb 72% 72% 71% 85% 85% 83%
EC 4% 4% 4% <1% <1% –
SO−−

4 13% 12% 15% <1% <1% <1%
CO−−

3 – – – 1% 1% 2%
NO−

3 3% 4% 1% 1% <1% 1%
NH+

4 5% 4% 6% <1% <1% –

a Mass and OC concentrations are in µg m−3.
b OM is calculated using OM/OC equal to 1.7.
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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 Biologica
Jarú (RBJ), Ducke Forest (DF), Ducke Forest meteorological station (DFM), Alta Floresta (AF),
and Serra do Navio (SDN); letter between brackets indicates site type: P=pasture, S=savanna,
and F=forest.

Site Season Size range Mass EBC OC Reference
µm µg m−3 µg m−3 µg m−3

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 2.2 0.28
Wet 2–10 6.6

DF (F) Wet 0–2 1.8 Artaxo et al., 1990
Wet 2–15 3.5

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
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Table 2. Continued.

Site Season Size range Mass BC OC Reference
µm µg m−3 µg m−3 µg m−3

Balbina (F) Wet 0–2 2.6 0.29 1.1 Graham et al., 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 2.5

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 2.0 0.25 1.4 This work
All 2.5–10 7.1 0.05 6.6
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Table 3. List of aerosol standards used to identify PMF profiles and their similarities with PMF
factors defined by r2.

PBAP Similarities
type Details Factor r2

SOA SOAbio-a Fine F1 0.62
SOAbio-b Fine F1 0.67
SOAanth-a Fine F1 0.59
SOAanth-b Fine F1 0.73
SOAbio+anth-a Fine F1 0.69
SOAbio+anth-b Fine F1 0.76

Biomass burning Contained combustion Fine F2 0.48
Open combustion branches flaming Fine F2 0.41
Open combustion branches smoldering Fine F2 0.53
Open combustion leaves smoldering Fine F2 0.45

Fungal spores Lycoperdon Coarse F3 0.48
Panaeolus Coarse F3 0.83
Panaeolus Coarse F3 0.85

Pollens Poplar pollens Coarse F3 0.94
Fungi Yeast Coarse F3 0.91
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Fig. 1. EUCAARI sampling location Manaus (red cross) together with sampling sites cited in
the paper and corresponding to literature studies: Balbina, AF (Alta Floresta), Cuiaba, FNSA
(Fazenda Nossa Senhora Aparecida), DF (Ducke Forest), RBJ (Reserva Biologica Jarú), SDN
(Serra do Navio), and ZF1; sites are color coded as forest (green), pasture area (brown), and
Savanna (yellow).
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Fig. 2. Maps indicating 7-day back-trajectories (blue points) corresponding to the sampling
intervals during each month of the collection campaign; sampling site is indicated by a white
circle; red points indicate fire location observed by MODIS.
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Fig. 3. Temporal trend of relative humidity, temperature, and precipitation during the EUCAARI
campaign (a), together with the time series of fine mass (gravimetric mass in red and chemically
reconstructed mass in black) and PM10 (b).
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Fig. 4. Orthogonal linear fit of MAAP light absorption coefficient (Babs) and thermal-optical EC
concentration (red); the black line corresponds to the absorption cross section of 6.6 suggested
by the instrument manufacturer to convert Babs into EBC.
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Fig. 5. Time series of elemental carbon (red) and equivalent black carbon (black) concentration
in fine aerosol (a). Comparison of potassium and equivalent black carbon concentration during
the dry season (August and September) normalized to fine aerosol mass (b); shadowed areas
correspond to K+ to EBC ratio expected from cerrado (red) and forest (green) burning (Yamasoe
et al., 2000).
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Fig. 6. PMF profiles of fine (a) and coarse (b) total carbon factors, and standard thermo-
grams (c).

29967

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/29923/2010/acpd-10-29923-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/29923/2010/acpd-10-29923-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 29923–29969, 2010

Carbon aerosol
sources in the

Amazon

S. Gilardoni et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

a) b)

f)

d)

e)

c)c)c)c)

Fig. 7. Scanning electron micrographs of PBAP collected during the wet season on polycar-
bonate (a–d) and quartz (e–f) substrate; the white line corresponds to 2 µm. SEM analysis was
performed with a Leica (Cambridge) Stereoscan 420 Scanning Electron Microscope (SEM),
equipped with a Si(Li) energy dispersive x-ray analyzer (EDX) with a Be window. Accelerating
voltage: 25 kV, beam current: 700 pA.
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Fig. 8. Monthly average comparison of TM5 model output (lines) and observations (markers)
for organic carbon OC (green) and Elemental Carbon EC (gray). The error bars correspond to
±one standard deviation.
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