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Abstract. In this analysis a 3.5 years data set of aerosol andhe dry season but also for the April-June months, due to the
precipitation chemistry, obtained in a remote site in Cen-establishment of more favorable meteorological conditions
tral Amazonia (Balbina, (65'S, 5929 W, 174ma.s.l.), to the transport of Atlantic air masses to Central Amazonia.
about 200 km north of Manaus) is discussed. Aerosols weré'he chemical composition of rainwater was similar to those
sampled using stacked filter units (SFU), which separateones observed in other remote sites in tropical forests. The
fine (d < 2.5um) and coarse mode (2.5pmi <10.0um)  volume-weighted mean (VWM) pH was 4.90. The most im-
aerosol particles. Filters were analyzed for particulate masgortant contribution to acidity was from weak organic acids.
(PM), Equivalent Black Carbon (B€} and elemental com- The organic acidity was predominantly associated with the
position by Particle Induced X-Ray Emission (PIXE). Rain- presence of acetic acid instead of formic acid, which is more
water samples were collected using a wet-only sampler aneften observed in pristine tropical areas. Wet deposition rates
samples were analyzed for pH and ionic composition, whichfor major species did not differ significantly between dry and
was determined using ionic chromatography (IC). Naturalwet season, except for NH citrate and acetate, which had
sources dominated the aerosol mass during the wet seasosimaller deposition rates during dry season. While biomass
when it was predominantly of natural biogenic origin mostly burning emissions were clearly identified in the aerosol com-
in the coarse mode, which comprised up to 81 % ofiPEM ponent, it did not present a clear signature in rainwater. The
Biogenic aerosol from both primary emissions and secondanpiogenic component and the long-range transport of sea salt
organic aerosol dominates the fine mode in the wet seasomyere observed both in aerosols and rainwater composition.
with very low concentrations (average 2.2 ug¥n Soil dust ~ The results shown here indicate that in Central Amazonia it
was responsible for a minor fraction of the aerosol mass (lesss still possible to observe quite pristine atmospheric condi-
than 17 %). Sudden increases in the concentration of eletions, relatively free of anthropogenic influences.

ments as Al, Ti and Fe were also observed, both in fine and
coarse mode (mostly during the April-may months), which
we attribute to episodes of Saharan dust transport. During

the dry periods, a significant contribution to the fine aerosolsl Introduction

loading was observed, due to the large-scale transport of

smoke from biomass burning in other portions of the Amazon Tropical biogenic atmospheric aerosols play important roles
basin. This contribution is associated with the enhancemeni climate and atmospheric chemistry: they scatter sunlight,
of the concentration of S, K, Zn and BCChlorine, which is ~ Provide condensation nuclei for cloud droplets (Roberts et
commonly associated to sea salt and also to biomass burningy-, 2001, 2002) and participate in heterogeneous chemical

emissions, presented higher concentration not only during€actions (Andreae and Crutzen, 1997; Artaxo et al., 1998;
Andreae, 2007; Martin et al., 2010a,b). Large areas of the
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tropics are covered with rain forests that act as source regionspores, and plant and insects debris), mainly in coarse mode
of biogenic particles and trace gases to the global atmospherg/, > 2.5 um) (Artaxo and Hansson, 1995; Jaenicke, 2005),
(Andreae, 2007; Jaenicke, 2005, Schneider et al., 2011). Thand sub-micron particles as a product of gas-to-particle con-
properties of atmospheric biological particles have been studversion of biogenic trace gases emitted naturally by the vege-
ied in only a few studies with measurements of their physicaltation (Rdschl et al., 2010; Martin et al., 2010a, b; Chen et al.,
and chemical properties (Artaxo and Hansson, 1995; Artaxd@?009; Hoffmann et al, 1997, 1998; Claeys et al., 2004). Soll
etal., 1988; Guyon et al., 2003pgchl et al., 2010). Baseline dust observed at Central Amazonia is a combination of local
knowledge of the source strengths, properties and processesnission and the long range transport of Saharan dust, which
of natural biogenic aerosols is necessary to correctly assedakes place mostly between February and May (Ansmann et
present-day burdens, direct radiative forcing and nutrient cy-al., 2009; Talbot et al., 1990; Swap et al., 1992, 1996; For-
cling in tropical regions (Martin et al., 2010a, b; Jaenicke, menti et al., 2001).
2005). The fine mode fraction is strongly associated with the pro-
Tropical rainforests depend on efficient nutrient recycling duction of Secondary Organic Aerosols (SOA) that com-
to maintain its primary production levels (Davidson and Ar- prises about 80 % of Py (Martin et al., 2010a, b; &schl
taxo, 2004). Usually residing over poor soils (Vitousek andet al., 2010). Most of these are produced from oxidation of
Sanford, 1986), the tropical rainforest environment has bexvolatile organic compounds (VOCs) (Chen et al., 2009).
come adapted to this condition along its own evolutionary Precipitation is among the most important sink pathways
history, developing a system that provides a stable equilibfor atmospheric compounds. It acts as an external input of
rium to the rainforest ecosystem (Salati and Vose, 1984)nutrients to the forest environment, and is also an impor-
Atmosphere-biosphere interactions are an important compotant pathway in nutrient recycling in tropical areas. Due
nent of tropical nutrient cycling. The correct understandingto this linkage, rainwater composition is influenced by air-
of processes that modulate atmospheric composition and thkorne aerosol particles and trace gas chemistry. Rainwater
deposition of trace elements and nutrients is important tocomposition is influenced by atmospheric chemistry in two
infer the role of atmospheric processes in nutrient cyclingways. The first one is on the formation of cloud drops, when
(Davidson et al., 2012; Mahowald et al., 2005). scavenged aerosol particles act as cloud condensation nuclei
In spite of the high deforestation rates in Southeastern(CCN), contributing to the composition of the initial drop.
Amazonia in the last 3 decades most of the forested area i$he agueous environment of the drop is also adequate for
still preserved {83 % of the original forest area). Deforesta- the absorption of soluble trace gases, working as a catalytic
tion is not spread over the entire Amazon basin but concenfactor to many chemical reactions possible only in aque-
trated in the so-called “deforestation arc” region mostly in ous media (Scott and Laulainen, 1979; Hegg et al., 1984;
the Southeast/Southwest portion of the Amazon Basin. Thi-Hegg and Hobbs, 1988), and biotransformation by micro-
region is subject to intense biomass-burning emissions evergrganisms (Amato et al., 2007). The second removal pro-
year during the dry season (Artaxo et al., 2002; Silva-Diascess takes place when precipitation begins. Falling raindrops
et al., 2002). The intensity of these emissions is a complexcollide with airborne aerosols below cloud base, collecting
function of socioeconomic pressures for new agricultural ar-these particles and adding matter to raindrops (Pruppacher
eas, climatic effects and governance policies (Bowman et al.and Klett, 1997). This mechanism of aerosol removal is one
2009, 2011; Morton et al., 2008; Koren et al., 2007). of the major processes by which the atmosphere is cleansed.
The central and western portions of the Amazon rainfor-The final result of rainwater chemistry is the combination of
est are mostly well preserved with small rates of deforestathese two processes named rainaotcfoud) and washout
tion. The state of Amazonas, the largest in Brazil compris-(below-cloud
ing about 1.6 millionkm with a population of 3484000 Previous studies of rainwater composition in Central Ama-
inhabitants, where this work was conducted, has only 2 %zonia (Stallard and Edmond 1981; Andreae et al., 1990;
of deforested area. Under such pristine conditions, naturaWilliams et al., 1997; Forti et al., 2000) reported small or
sources and sinks of gases and aerosols play the most impoeven no anthropogenic influence in rainwater composition.
tant roles in controlling atmospheric composition, especially These studies have characterized the composition of (natural)
during the wet season (Davidson et al., 2012). rainfall by its low ionic concentration of major species, low
Previous studies indicate that vegetation is the most imporacidity (pH ranging from 4.7 to 5.3) and an important contri-
tant source of natural biogenic particles in pristine areas inbution of organic acids (mainly acetic and formic acid) to the
the Amazon Basin (Artaxo et al., 1988, 1990, 1998; Grahamacidity profile of precipitation, a common feature in remote
et al, 2003a, b; Martin et al., 2010a,bpdzhl et al., 2010). sites (Andreae et al., 1988; Keene et al., 1983; Sanhueza et
Natural biogenic aerosol comprises up to 80% ofgM al., 1991; Khare et al., 1999). In the aerosol phase, previ-
aerosol mass, with most of the mass (approx. 70 %) in theous studies of aerosol composition in remote sites in Ama-
coarse mode fraction (Echalar et al., 1998; Gerab et al., 199&o0nia (Artaxo et al., 1988, 1990, 1998) showed that natural
Gilardoni et al., 2011). Biogenic particles consist of parti- biogenic emissions are predominant in the aerosol mass dur-
cles primarily emitted by the vegetation (e.g. bacteria, fungi,ing the wet season, and subject to some influence of biomass
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Balbina dam

Fig. 1. Landsat image of the sampling site area. The city of Manaus (population 1 700 000) is shown in the low central portion of the figure.
Balbina is located about 200 km North from Manaus in a preserved area free of deforestation and under influence of natural emissions of
gases and aerosols.

Mean monthy precipitation pacted by biomass burning such as Rondonia, Alta Floresta
500 or Southeast Amazonia. Biomass burning effects on aerosol
and rainwater composition were characterized in detail dur-
L ing the LBA/SMOCC campaign (Fuzzi et al., 2007; Trebs et
al., 2005).

300 {1 I B
E 1.1 Sampling location

200 -+ =t ety -
1.2 Description of the sampling site

200 11 1 =t 1 1 [ [ s 1L
m Balbina, the sampling site (85 S, 5929 W, 174 ma.s.l.), is
0 D 5 S P N I D I i a small village located about 200 km North of Manaus (see
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Fig. 1). The population density of the region is only 0.49 in-
habitant knm2 and there is no significant agricultural activity
Fig. 2. Average monthly precipitation in_the Balbina region during in its surroundings, with almost no local biomass burning ac-
the period 1998-2001. Data were obtained from four hydrologicaly ity |t is close to the lake of the Balbina large hydroelectric

stations operated by the Brazilian National Water Ageruayp(// . .
hidroweb.ana.gov.pr Error bars correspond to standard deviation plant, a lake which cavers approximately 240000 ha.

of data.

1.3 Precipitation climatology and site characterization

Figure 2 shows the annual cycle of monthly accumulated pre-
burning emissions during the dry season, depending on theipitation for the region around the sampling site between
distance from sources. 1998-2001 (data available d#ittp://hidroweb.ana.gov.r

In this study we carried out a 3.5 years measurement ofrom the figure it is possible to observe large monthly vari-
aerosol and precipitation chemistry in a remote site in Centrahbility in precipitation and that Central Amazonia wet season
Amazonia. The main objective was to investigate the aerosotakes place from January to May, and dry season from August
— precipitation chemistry linkage under pristine conditions, to November. June, July and December are transition months.
with the aim of understanding how important the influence Total annual precipitation was 2530330 mm for this pe-
of aerosol composition is on rainwater chemistry in remoteriod. Variability in inter-annual precipitation characteristics
continental areas. It is important to emphasize that this studyre mainly correlated with equatorial Pacific and Atlantic
does not deal with aerosol composition in areas heavily im-sea surface temperature (SST), which strongly modulate the

www.atmos-chem-phys.net/12/4987/2012/ Atmos. Chem. Phys., 12, 4585 2012
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intensity and the onset of the wet season in Central Amadtrostatic charges were controlled by mean$8Po radioac-
zon (Marengo et al., 2001). The South Atlantic Convergenceive sources. Detection limit for the aerosol mass concen-
Zone also plays a role in some precipitation events (Carvalhdration is 0.3 ug m2. Precision is estimated at about 10 %.
etal., 2004). Equivalent black carbon (B concentration on the fine and
Balbina is mostly influenced by eastern air masses associcoarse fraction of the SFU filters was obtained by a light re-
ated to the trade winds circulation. From the tropical Atlantic flectance technique. The optical absorption of the polycar-
ocean, air masses travel more than 1000 km over pristine pribonate filters was analyzed by a smoke stain reflectometer
mary tropical rainforest before reaching the site. It makesthat measures light attenuation by the aerosol particles. The
this region an excellent choice to observe natural backgrounéhstrument was calibrated using standard Monarch “soot”
chemical conditions for aerosol and precipitation, in partic- carbon deposited in gravimetrically analyzed Nuclepore fil-
ular during the wet season when there are no biomass burrters (Martins et al., 1998a, 1998b). The term “equivalent”
ing reaching the site. Several previous works dealing withblack carbon is used in this work following suggestions from
the natural component of aerosols were published based oseveral studies indicating the mixed presence of several types
data collected at Balbina (e.g. Zhou et al., 2002; Grahanof absorbing aerosols, as well as the so-called “brown car-
et al., 2003a, b; Rissler et al., 2004). During the dry sea-bon”, a light absorbing aerosol that is not elemental carbon
son (August—November) the site is subject to the large-scaléAndreae and Gelenés 2006).
transport of biomass-burning aerosols that typically occurs
in other portions of the basin. This signal, which has sig—2 2 Rainwater sampling and analysis
nificant influences in the fine mode concentration during the™
drier months, was detected and quantified in our analysis, and
is described in detail latter. The precipitation sampling was operated from April 1998
to December 2001, with interruptions between June 1999—
February 2000 and February—June 2001. A set of 87 sam-

2 Experimental ples was collected, representing 52% of the total precip-
itation (5673 mm) for the sampling period. Samples were
2.1 Aerosol sampling and analysis collected using automated wet-only rainwater collectors, in

high-density polyethylene bottles, which had been previ-

Aerosol sampling at Balbina was operated continuously fromously rinsed with miliQ water. Immediately after its collec-
October 1998 to March 2002. Fine and coarse mode aerosdion in the field, Thymol was added to preserve samples from
particles were collected using stacked filter units (SFU)Microbial growth and the resulting deterioration of organic
(Hopke et al., 1997) fitted with a PM inlet. The SFU  acids and nitrogen species (Gillett and Ayers, 1991). In order
collects particles on 47 mm diameter polycarbonate mem1o check the quality of the data set, lonic Balance (IB) was
brane filters. An 8 um pore size filter collects coarse particlegised as the key parameter to identify outliers, in agreement
(2.5 < d, < 10um) while a 0.4 um pore size filter collects With WMO recommendations (WMO, 2004).
fine particles ¢, < 2.5pum). The flow rate was typically 16 ~ The pH of each sample was measured twice: immediately
liters per minute, and sampling time varied from 2 to 5 days.after sampling (Cole Parmer portable pH meter model CON

Elemental concentrations for the SFU filters samples werel0) and later in the laboratory (Orion pH meter model EA940
obtained by Particle-Induced X-Ray Emission (PIXE) anal- With a glass electrode) using low ionic strength buffer solu-
ysis (Gerab et al., 1998). It was possible to determine thdions (Orion application solution). For calibration, two stan-
concentrations of up to 18 elements (Mg, Al, Si, P, S, Cl, K, dard solutions with pH 4.00 and 7.00 were used. The res-
Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br and Pb). A dedicated olution of the measurement was 0.01 pH units. Anions and
5SDH tandem Pelletron accelerator facility at the University cations concentrations were determined at the Isotopic Ecol-
of Sao Paulo LAMFI (Labordrio de Aralise de Materiais 09y Laboratory, CENA — USP (Center for Nuclear Energy
por Feixes dnicos) was used for the PIXE analyses. Detec-in Agriculture of University of &o Paulo — Brazil), with a
tion limits were typically 5 ng m? for elements in the range DIONEX DX600 ion chromatograph (IC). The system used
13< Z < 22 and 0.4ngmq for elements with Z> 22, z  a gradient pump (GP40), with electrochemical (ED40) and
being the atomic number. Precision of elemental concentraconductivity detectors (CD20) for anions and cations, re-
tion measurements is typically better than 7 %, reaching ugspectively, and a DIONEX lonPac AS-11 and CS-12 with
to 20 % for elements with concentrations near the detectiorPre-columns DIONEX AG-11 and CG-12. The eluents were
limit (Gerab et al., 1998). NaOH and MSA for anions and cations, respectively. lonic

Mass concentrations were obtained through gravimetricstandards (Ultra-Science) were used for IC calibration. De-
analysis. Both fine and coarse filters from the SFU weretection limits were 0.05pm, the precision was within an in-
weighed before and after sampling in a Mettler M3 electronicterval of 3% and the accuracy was 0.01uM.IIt was pos-
microbalance with 1 ug sensitivity. Before weighing, filters Sible to determine concentrations of NaNH;, KT, Mg?*,
were kept for 24 h at 50 % relative humidity andZD Elec-  C&™, CI-, NO3, Sof;, F~, acetate (CRHCOQO), formate

Atmos. Chem. Phys., 12, 4985015 2012 www.atmos-chem-phys.net/12/4987/2012/
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Aerosol Mass Concentration in Balbina

(HCOO™), NO;, Br~, oxalate (GO37), citrate (GHsO3 ), "
PO;, and Dissolved Inorganic Carbon (DIC). = Fine Mode m Coarse Mode

2.3 Data analysis 60

Data analysis procedures have to deal with the fact that the ¢ ;|
concentration of ionic species in rainwater is dependent not =
only on the amount of the component, but also on storm

size. Larger storms tend to dilute ionic concentrations while

smaller storms tend to be more concentrated. To avoid this 1 1
effect, the results for precipitation are presented in the form  © 1 1 w w w w
of Volume Weighted Mean (VWM). The VWM concentra- jul-98  jul99 - juk00 jul-01 - juk02 - jul03 - jul-04
tion of thej-th ionic species is defined as

20 4

Fig. 3. The aerosol mass concentration time series at Balbina from
October 1998 to September 2004. Concentrations are shown sep-

N arately for Fine Particulate Mass (FPWl, < 2.5um) and Coarse
> Cijvi Particulate Mass (CPM, 2.5 pumd,, < 10 um).
=
(VWM); = ’N— Q)
D Vi
P Analysis (FA) after VARIMAX rotation. The result of the

linear regression allows for determining quantitatively the
absolute contribution of each extracted component for each
chemical compound (Switlicki et al., 1996).

where y is the storm size in thieth sample, ¢; is the con-
centration of thg-th ionic species in theth sample, ana&v
is the total number of samples. The numerator can be un
derstood as the total deposition for th#h ion during the
sampling period.

In order to identify and remove the possible influence 3 Results
of marine contribution, the non-seasalt (nss) component for,
some selected compounds was calculated. The determina’[io?h1 Aerosol measurements
of this value was calculated considering the ionic proportion
to Na© in seawater (Riley, 1975), and assuming that"Na
concentration is exclusively due to marine emissions. Thus
the nss contribution for the species X was determined usin

The time series of fine and coarse mode aerosol mass con-
centrations is shown in Fig. 3. The fine mode mass con-
tentration (PM;) is shown in red, while the coarse mode
Sraction is shown in blue. The sum of both components is

Eqg. (2 .
a.(2) the PMyg aerosol mass concentration. The observed average
aerosol mass concentration was very low, amongst the lowest
[X]nss= [X]rainwater— [X /Na] x [Nal ainwater (2) values observed in remote continental areas; Pbbncen-

seawater trations in the wet season were as low as 2.2 pig.nbur-
In order to separate the different aerosol and rainwater coming the dry season, it was possible to observe some influ-
ponents, Absolute Principal Factor Analysis (APFA) was ap-ence of long range biomass burning plumes that increased
plied to the measurements database analyzing data variabiPM, 5 to 6.2 pg nT3. The typical annual mean of Piyicon-
ity. The APFA procedure was used to estimate the portion ofcentration of 11 pg m3 experienced an increase during the
the different aerosol components (using elemental composidry season due to an enhancement of the concentration in the
tion) and precipitation composition (using ionic deposition fine mode. The coarse mode concentration mostly associated
rates) (Hopke, 1985; Switlicki et al., 1996). APFA offers the with primary biogenic particles is rather constant along the
possibility of obtaining a quantitative component profile in- year at about 7 pug re. It is also possible to observe in Fig. 3
stead of only a qualitative factor loading matrix as in tradi- some significant episodic enhancements in the coarse parti-
tional applications of factor analysis, and has been successle mass. These episodes were associated with dust trans-
fully applied to aerosol studies in the Amazon Basin (e.g.port from the Sahara desert, documented in several studies
Echalar et al., 1998; Maenhaut et al., 2002). The absolut¢Formenti et al., 2001; Swap et al., 1992, 1996; Koren et al.,
source profile helps in the identification of the factors and can2006; Ansmann et al., 2009; Baars et al., 2011; Ben-Ami et
be used to compare the factor composition with the presumeadl., 2010).
source composition. The absolute profile is determined by Time series of fine and coarse modefB&@ncentration are
calculating a linear regression between each measured coshown in Fig. 4. The annual average fine modg-BGncen-
centration (for each chemical compound) and the normalizedrations were 170 ng ¥, which is a low value for a conti-
contribution of each component for each sample (the “so-nental region. The fine mode B@oncentration (Fig. 4a) had
called factor scores”), a result provided by traditional Factora similar seasonal variability as the B¥concentrations and

www.atmos-chem-phys.net/12/4987/2012/ Atmos. Chem. Phys., 12, 4585 2012
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is a combination of two components: the natural optical ab- BC - Fine mode
sorption of fine mode primary aerosol particles and the opti-

cal absorption by the biomass burning component. The BC ;
concentration in the coarse mode aerosols, with an average !
of 50 ng nT 3, is shown in the Fig. 4b. This component repre- 1200 1 ]
sents absorbing aerosols in the primary biogenic particles in !
the coarse mode fraction and is essentially constant through- ‘% 800 -

1600

out the sampling period. This suggests that the coarse mode <
natural biogenic absorbing component is not affected signifi-

cantly during the dry season. This is in agreement with other 4007

studies that point to a natural biogenic contribution to ab-

sorbing aerosols (Guyon et al., 2003; Andreae and Gelencs 0 -

2006, Rizzo et aI., 2011)' Jul-98  Jul-99  Jul-00  Jul-01  Jul-02  Jul-03  Jul-04
Two large aerosol studies with intensive sampling cam-

paigns were carried out in Balbina as part of LBA-CLAIRE BC - Coarse mode

400

(Cooperative LBA Airborne Regional Experiment) (Andreae
etal., 2002). The first CLAIRE intensive sampling campaign
was carried out in March—April 1998 (mid-wet season), and 5, |
the second in July 2001 (wet-to-dry season transition). A
significant difference in mean particle number concentration

was observed. Zhou et al. (2002) reported mean concentra: % 200 1
tion of 5904 440 #/cn13 for the wet season 1998 experi-
ment, a significantly lower value than Rissler et al. (2004)
reported for the July 2001 sampling campaign, 13490
#lcmi~3. Nevertheless, the number of fire hotspots during
July 2001 was only 9 hotspots for the whole Amazonas state, 0
which is evidence that local/regional contribution was very Juk98 - Juk99 - Jul-00  Juk01  Juk02  Jul03 - Jul-04

small or negligible, and that po.IIutlon plumes from distant F{g. 4. The equivalent black carbon (BE concentration observed
sources were probably responsible for such an enhanceme[;: Balbina for (a) fine mode (top) andb) coarse mode (bottom)
u

in particle number concentration. Figure 5 shows the spatia ring the same period presented in Fig. 2. Mean concentrations
distribution of fire hotspots observed from July to Novem- \yere 170+ 180 ng n1 for the fine mode and 5& 40 ng n1-3 for

ber in 2001 in Brazil. In July the Amazonas state was almosithe coarse mode. Note the increase in fine mode concentration dur-

free of fire spots. However, from August to November manying dry periods synchronized with the increase in fine particulate

hotspots were observed along the Amazonas River (southeastass. This behavior is not observed in coarse mode, which is not

of Balbina). As such, some regional contribution is expectedinfluenced by the biomass-burning emissions.

to reach Balbina, influencing the aerosol composition dur-

ing the most intense periods of biomass burning activity. To

test this hypothesis, backward air masses trajectories reaclpy the coarse mode component over fine particles: Bah-

ing Balbina were calculated for a representative day. This recentration was predominantly in the fine mode, with higher

sult is shown in Fig. 8 for 25 September 2001, at the peakvalues during the 2nd semester, corresponding to the dry sea-

of the biomass-burning season. Back trajectories were calson. The elements S, K and Zn also experienced higher con-

culated using the Hysplit model. The trajectories show thatcentrations during the dry season. Sulfur concentrations, on

for a variety of air mass levels reaching Balbina (100, 1000the order of 100-300 ngm?, are low in Central Amazonia.

and 2000 ma.g.l.) all of the trajectories passed over the AmaMonthly means of particulate mass, B@nd elemental con-

zonas river path, where fire hotspots were observed, and thagentrations are shown in Fig. 6. Plots are separated in coarse

probably the biomass-burning influence detected in Balbinamode in the left and fine in the right side, and the analysis

is due to the transport of plumes originated in this region dur-of these data allows characterizing the typical annual cycle

ing the biomass burning season. of each measured component, as well as the CPM, FPM and
A summary of average elemental concentrations measureBCe.

in aerosols at Balbina is shown in Table 1, for fine and coarse

mode aerosols. Averages were separated as annual, first and

second semester means. In spite that separation by semes@parse and fine particulate mass

is affected by the transition months (as described in Sect. 2),

the first and the second semester are representative of wet affthe variation of monthly means of CPM was quite small,

dry season regimes, respectively. Aerosol mass is dominatednd a minimum concentration was observed in August

Atmos. Chem. Phys., 12, 4985015 2012 www.atmos-chem-phys.net/12/4987/2012/
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Fire Map Aug 2001
Resolution: 28 km
Source: NOAA-12
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Fig. 5. Spatial distribution of fire hotspots in Brazil for Jul-Nov in 2001. The Amazonas state had not an important contribution of biomass-
burning emissions, in spite of an increase (mainly southeast from Balbina) of hotspots after August. Source: CPTECHt{PEatv.
cptec.inpe.br/products/queimadas/queimamensaltotal html#

(4000 ng nT3). In fact, for the remaining months it varied son (48t 8 ngnm3) with the dry season (58 5ngnt3) it
within 6000-8000 ngm3, which is a rather small range. is possible to see that it is not statistically significapt<(
This is a completely different behavior of FPM, which pre- 0.01). Moreover, it is possible to see that (except for Octo-
sented a clear seasonal variation. FPM presented a significaber) all the monthly means of the dry season were smaller
increase in its concentration for the period July—-Novemberthan the concentrations of January and February. Thus, it is
a slight reduction in December and a steep reduction in Jankikely that the annual cycle of BEin the coarse mode is
uary. This pattern is compatible with the annual cycle of pre-more related to natural processes (e.g. absorption component
cipitation, shown in Fig. 2. of biogenic aerosols, see Rizzo et al., 2011) than biomass-
burning influences.
BCg variations in the fine mode followed the FPM pat-
BCg, K, Sand Zn tern. During the wet season, when natural sources of particles
dominate the concentration, it represents the absorbing com-
In the coarse mode, two patterns of annual cycles were Obponent of biogenic of aerosolsiBchl et al., 2010; Martin et
served. Zn and K presented an almost constant level throughyj. 20104, b: Andreae and Galeags2006). During the dry
out the year, whereas BCand S presented some seasonal-season the increase in B€oncentration is due to the influ-

July, with a reduction in December. When comparing the

difference of average Bf€concentrations of the wet sea-
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from other regions in the Amazon Basin (Soto-Garcia et al.,for the coarse mode are shown. It is also possible to observe

2011). in these tables the component and cumulative explained vari-
ance, and the communalities for each element included in the
analysis.

Ti, Fe, Al, Siand Ca In the 1st semester, the first factor in the fine mode (shown

) in Table 2) have high loadings for Al, Fe, Si, Ca, FPM and K,
These elements are usually employed as tracers for soil dugtyresenting soil dust aerosol mostly from long range trans-

aerosols. Monthly means of these elements presented a Sifyteq Sahara dust. The second factor has high loadings for
ilar behavior both in fine and coarse modes. Typically, theBCE K, S and FPM, and represents the natural biogenic

monthly means of these elements was consistently larger i oo<ols. The third factor is related to P. Zn. S and FPM
Jan/Feb/Mar/Apr, followed by a reduction in May/Jun and 4 represents a second natural biogenic aerosol component.

then a moderate increase until December. However, as shoWfiyese o different components for natural biogenic aerosols
in the discussion of the Principal Component Analysis, it was,,are already observed in previous studies in the same area
in April and May that we observed bursts of this elements. y,,ing the wet season (Artaxo and Hansson, 1995). It is nor-
We attribute it to the transport of Saharan dust, which hasy a1y observed that K and P have very different variability
been shown to be more likely to happen during these month$yatems, and the reason for this behavior is unknown. These
(Baars etal., 2011). 3 factors explained 91 % of the data variability, with most of
the communalities around 90 %, showing the adequacy of the
3 component factor model.

Four components were extracted for the 2nd semester. The

Most of Cl content was present in the coarse mode fractionfirst (BCe, K, FPM and S) is related to the large scale trans-

as can be seen in Fig. 6 (note the different vertical scale®Ort of biomass burning plumes, as discussed in previous
for each size fraction). Concentration in the coarse modeSections. The second and third factors are the soil dust and

was about 15 times greater than the fine mode. The momhhr/]atural biogenic aerosols already also observed in the first

means presented a quite broad variation, presenting two maxsemester. The additional fourth component is associated with

ima throughout the year. During the rainy months Cl concen-th€ transport of seasalt aerosols (Cl was not included in the
trations reached the highest value. With respect to the dryin® mode wet season analysis due to insufficient number of

season, when fine and coarse modes varied the concentra@Mples above detection limit). This 4-factors solution ex-
tion of Cl varied quite similarly, with maximum in October. plained 90 % of the data variability in the second semester.

Potential sources of Cl in Balbina are the marine contribu- Factor analysis results for the coarse mode are shown in

tion (seasalt aerosols advected from the Atlantic as NaclylaPle 3. Soil dust and biogenic components were also ob-
and biomass burning (generally as KCI) during the dry segServed in both §emesters, with a similar signature to the ob-
son. Thus, a possible explanation for this behavior could bes€ved in the fine mode. The 3rd component observed for
that the transport of seasalt aerosols during the wet seasdhe 1st semester, associated with Cl, |s.the seasa_lt transport.
was the most important source for Cl, and that during the!n the 2nd s.eme.sf[er a 4th, component V‘,"th absorblng aerosol
dry season a combination of both sources was responsible KY3CE) was identified. No influence of biomass burning was
the CI budget in the atmosphere. Nevertheless, in spite thatPServed in the coarse mode, in spite of the observation of
biomass-burning was clearly detected during the dry seasol{!iS 4th coarse mode absorbing component that we do not
in this study, it is possible that at least for CI it was not im- conS|d(_er as evidence of blpmass bu_rnlng but n_atural b|qgen|c
portant at Balbina. In fact, Cl presented low concentrations2PSOrbing aerosols, as pointed out _|n.the previous section.
during the dry season. Further, in the factor analysis, it was For the coarse mode gerosols, it is possible that the 3rq
not possible to observe a component connecting K and c|component observed during the wet season was separated in
as shown in the upcoming analysis. Thus, we state that ci’€ 3rd and 4th component of the dry period. In fact, one
budget is predominantly associated with the strength of thée@n See that BEloadings were 0.68 and 0.48 for the 1st

marine contribution, and that other contributions are minor. S€Mester analysis, in comparison to the 0.94 loading of the
BCe component in the 2nd semester. It means that the 3 ex-

tracted components for the wet season were not really suffi-
Factor analysis cient to explain BE variance satisfactorily. In fact, the low-

est communality observed among all analyzed elements was
Factor analysis was used to identify common variability be-for BCg. This BGe component in coarse mode is likely as-
tween the different trace elements in the data set. With thesociated with optically active coarse mode natural biogenic
goal of a better separation of dry and wet seasons influencegarticles. There is no evidence that biomass burning caused
the whole data set was analyzed separately for the 1st andny increase in coarse mode Bé&nd no seasonal difference
2nd semester. Fine mode VARIMAX rotated factor-loading was observed in the concentration pattern, and instead coarse
matrices are shown in Table 2, while in Table 3 the resultsmode biogenic aerosols provide an alternative explanation.

Cl
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Table 1. First and second semester mean aerosol elemental composition in fine and coarse mode in Balbina, Central Amazonia.

Coarse mode Fine Mode
1st semester 2nd semester 1st semester 2nd semester
PM* 660042900 (163) 720@-2100 (142) 220@-1300 (154) 620@-3100 (148)
BCg 53+ 16 (163) 48+19 (142) 164129 (154) 49GE 260 (148)
Mg 24416 (105) 32+19 (114) 20+ 20 (81) 25+ 14 (64)
Al 48 +£71 (163) 55+ 50 (142) 61484 (154) 32+32 (148)
Si 110+ 170 (163) 88t 82 (142) 130+ 190 (154) 58t 72 (148)
P 35+ 11 (163) 25+ 13 (142) 4.2+-2.2 (154) 6t 3 (148)
S 37+ 17 (163) 54+ 22 (142) 100Gt 63 (154) 31Gt 180 (148)
Cl 73+ 77 (163) 75+ 73 (142) 10+ 13 (103) 10+ 8 (123)
K 93427 (163) TH 29 (142) 40t 35 (154) 140+ 88 (148)
Ca 26+ 28 (163) 26+ 16 (142) 15+ 17 (154) 13+ 9 (148)
Ti 5.3+ 6.8 (123) 5.6£5.7 (142) 5.3£6.7 (124) 3.4£3.2 (111)
\Y 0.51+0.34 (5) 0.8Gt 0.63 (3) 0.82£ 0.38 (16) 1.4-0.9 (5)
Cr 2.1+1.7 (57) 2.3+1.9 (18) 1.3:0.8 (76) 1.6:1.6 (29)
Mn 1.0+ 0.9 (130) 0.85:0.61 (108) 0.910.95 (100) 0.59:0.49 (77)
Fe 34+ 50 (163) 40+ 30 (142) 36+ 50 (154) 20+ 19 (148)
Ni 0.38+0.55 (17) 0.33:0.36 (20) 0.720.74 (101) 1.%1.0(31)
Cu 0.344+0.49 (103) 0.36:0.32 (72) 0.55£0.60 (113) 0.44t 0.53 (75)
Zn 0.95+ 0.42 (163) 0.92+0.48 (142) 0.7@:0.63 (154) 1.5£1.1(148)
Br 0.394+0.28 (17) 0.38:0.12 (11) 2% 1.6 (73) 2.5+ 2.4 (98)
Pb 0.19+0.12 (14) 0.36:0.13 (18) 0.24:0.16 (24) 0.36£0.20 (60)

All values are expressed inng™ and the variability represents standard deviation of measurements. The number between
brackets represents the number of samples that presented concentrations above the detection limit.
*PM is the Particulate Matter concentration

Table 2. Component loadings from the application of Principal Component Analysis for fine mode aerosol concentration data*. Results are
shown separately for the 1st and 2nd semester. In the last line, it is shown the explained and cumulative (between brackets) variance for eac
extracted component. Chlorine was not included in the wet season analysis due to insufficient samples above detection limits to perform
component analysis.

1st semester 2nd semester

Saharan  Biogenic Biogenic  COM Biomass Saharan Biogenicnon Seasalt COM
absorbing dust non absorbing Burning dust absorbing

BCg 0.31 0.92 - 0.95 0.94 - - - 0.93
K 0.64 0.71 - 0.94 0.91 - - - 0.97
FPM! 0.66 0.56 0.37 0.89 0.91 - 0.32 - 0.94
S - 0.71 0.54 0.88 0.74 - 0.36 0.41 0.85
Al 0.95 - - 0.99 - 0.98 - - 0.97
Fe 0.95 - - 0.99 - 0.97 - - 0.96
Si 0.96 - - 0.99 - 0.97 - - 0.95
Ca 0.89 0.30 - 0.90 0.36 0.78 - 0.34 0.85
Zn - 0.38 0.71 0.70 0.39 - 0.80 - 0.83
P - - 0.95 0.91 0.40 - 0.64 0.40 0.74
Cl - - - - - - - 0.90 0.94
Cumulative 46 26 (72) 19 (91) 33 32 (65) 13(78) 12 (90)

Variance (%)

*Loadings smaller than 0.20 were omitted.
8FPM is Fine Particulate Mass concentration
PCOM is the communality correspondent to the chemical compound
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Fig. 6. Monthly means of coarse mode (left) and fine (right) particulate, black carbon equivalent and elemental mass concentration.
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Fig. 6. Continued.

In fact, when we visually inspect the coarse mode filters af-a somewhat constant component due to absorption by fine
ter 3—4 days collection in the wet season, they are actuallynode biogenic aerosol, often called “brown carbon”, during
gray in color. On the other hand, fine mode 8BS clearly  the wet season.

associated with biomass burning emissions during the dry The absolute apportionment of trace element concentra-
season, given the clear seasonality of measurements, wittions was obtained through the application of the APFA
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Fig. 6. Continued.
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Fig. 6. Continued.

procedure. The mean 1st and 2nd semester results are préen is displayed in Figs. 11a (fine mode) and 12a (coarse).
sented in Figs. 9 and 10, respectively. In the 1st semesteFhe absorbing and non-absorbing components are shown
natural biogenic particles dominate the aerosol mass, wittseparately. In fine mode they have the same order of mag-
90 % of the coarse mode and 83 % of the fine mode aerosohitude, while in the coarse mode the non-absorbing compo-
followed by soil dust with 5% and 17 % of coarse and fine nent domains the picture, with concentration 20 times greater
modes, respectively. The small contribution of soil dust inthan the absorbing component whose average concentration
the coarse mode is due to the combination of the soil beingdf 300 ng nT3 represents approximately 5 % of the CPM.
covered permanently with a thick forest litter and very high  Surprisingly, a decrease in the concentration of the nonab-
humidity, which suppresses the emission of dust particles. sorbing biogenic component was observed both in fine and
With respect to the 2nd semester APFA analysis (Fig. 10),coarse modes. This result is unexpected. The rainforest en-
the non absorbing biogenic aerosol contribution was also previronment surrounding the site area has been well preserved
dominant in the coarse mode (83 % of the aerosol mass), folduring the sampling period, and no significant changes (e.g.
lowed by soil dust (7 %), absorbing biogenic aerosols (5 %)deforestation) have taken place within hundreds of kilome-
and seasalt (5%). In the fine mode, biomass burning contriters from the sampling area. We could not provide any plausi-
bution dominates the picture with 77 % of fine aerosol massble explanation for the behavior of this biogenic component.
followed by biogenic aerosols (13 %), soil dust (6%) and Soil dust time series in fine and coarse modes is shown
seasalt (4 %) in Figs. 11b and 12b. It is possible to observe that the typi-
In Figs. 11 and 12 these results are shown as time seriesal behavior of this component is a rather small background
throughout the entire sampled period. The biogenic contribu-concentration with extreme peaks. A possible explanation
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for this behavior is the occurrence of burst events related towith the presence of formic and acetic acids. This is an unex-
weather changes (e.g. squall lines) that favor the transponpected result because in remote areas of the world the most
of soil dust originated from Sahara, especially in April and typical result is a predominance of formic (F) over acetic (A)
May when the Amazon Basin is subject to large-scale transacid (Keene et al., 1983; Sanhueza et al., 1991, 1992; Chebbi
port of these particles (Swap et al., 1992, 1996; Formenti eind Carlier, 1996). The observed médaA ratio in this work
al., 2001). was 0.23. Williams et al. (1997) in a site relatively near our
Biomass-burning component (only 2nd semester data), isneasurement site also observed this predominance of acetate
shown in Fig. 11c. As expected from a very seasonal sourcegver formate in Central AmazonidiA =0.31), which in-
it presents the largest amplitude among the extracted comdicates that our result is not an artifact or due to analytical
ponents, with concentrations up to 12000 ng’mlt also  issues. However, we could not provide any explanation for
presents important inter-annual differences, which are conthis divergent result from other remote places. Andreae et
trolled by basin-wide climatological issues. al. (1990) collected rain samples during a short period dur-
In Fig. 12c the contribution of coarse mode seasalt can béng the wet season (6 weeks) and obtaifefi=1.5, but in
observed. It also had important inter-annual variability, sincethis study it was not possible to observe such result even for
year to year precipitation patterns vary significantly as wellthe similar period in the year.
as the long range transport from the tropical Atlantic Ocean VWM for Na®™ was lower than the reported values of

to Amazonia. other sites subject to marine influence (e.g. Costa Rica
VWM o+ = 27.2 peq 1) (Elklund et al., 1997). However,
3.2 Rainwater chemistry measurements it was not so small if one has in mind that Balbina is

about 1200 km from the Atlantic coastline. For comparison,
3.2.1 Comparison of rainwater chemistry in Central the Z&tlé site is relatively close to the coastline (about
Amazonia to other remote sites around the world 200km) and presented a similar N&/WM concentration
of 4.0 peqt?! (Sigha-Nkandjou et al., 2003). This could be
The annual VWM concentrations are compared to resultdue to the presence of a mountain range betwedrEko
from other remote sites around the world in Table 4. Theand the coastline, which is an important local driver for the
observed ionic concentrations were similar to the observedyeneration of orographic rains for air masses coming from
in other tropical remote regions around the world, when lit- the ocean. Thus, most of Nais scavenged before it can
tle biomass burning impact is observed. The mean observeteach Z&telé. In Central Amazonia, the very large precip-
acidity was< pH > =4.90, within the range 4.4-5.5. This pH itation rate and efficient removal of possible sea-salt com-
value is in agreement with typical acidity observed in the ponent along the 1200 km distance from the Atlantic is re-
other remote sites except for the African Savanna site. Thesponsible for the observed Naoncentrations. Considering
explanation for the discrepancy is the high buffering capac-that the altitude difference between Manaus and its estuary
ity for this site, as one can see by its higher concentration ofs about 80 m, it is reasonable that, under adequate weather
NHj,rr and C&* in the Sahelian savanna site than observed inconditions, oceanic air masses could be advected to Central
other measurements. Amazonia and carry with them sea-salt aerosols that would
Buffering capacity in our site was low compared to other be gradually scavenged by wet deposition along its path.
remote sites. VWM for Nlj{l was similar to the observed
in the previous work conducted in central Amazonia by 3.2.2 Analysis of Balbina rainwater
Williams et al. (1997). Furthermore, NHwas remarkably chemistry measurements

lower than the observed concentration iné&dée (Sigha- ) N )
Nkandjou et al., 2003), a similar ecosystem site in the VWM concentrations and wet deposition rates are shown in

African rainforest, and for the South African semi-arid site 12P€ 5. As for aerosols, averages are shown as annual, 1st
(Mphepya et al., 2004). The authors reported that this en@"d 2nd semester means and subject to the same bias due
hanced concentration of I\I{H(and also of K and CI) in to_ the transition months, but also keeping its representativity
African sites was due to the influence of biomass burningVith respect to the wet and dry seasons. _
during the dry season, which is not the case for Balbina. For With respect to the annual mean, the most abundant ion
the Sahelian Savanna site (Galy-Lacaux and Modi, 1998)Was H" followed in decreasing order of importance by §O
the authors attributed the origin of the levels of Nim rain-  Acetate, C, Nat, NHj, 504217, Mg?+, C&+, K*, F~, For-
water to the high density of domestic animals in the regionmate, Oxalate, N©, Br~, Citrate and P@T. In a general
and its related production of ammonia, as a result of hydrol-way, many ions showed a larger concentration in the 2nd
ysis of urea deposited in pasture-grazing areas. This is alsthan in the 1st semester. It is the case for the major iohs H
an absent influence in Central Amazonia. Nat, K+, Mg?*, C&*, F~, CI-, NO3, SG;- and (to a lesser

A remarkable difference between Balbina and the other reextent) DIC (Dissolved Inorganic Carbon). However, it was
mote sites was the smaller concentration of formate in com-not possible to observe pronounced differences in the corre-
parison with acetate, which are anions directly associatedponding deposition fluxes for most ions due to the inversely
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Table 3. The same as Table 2, but for the coarse mode aerosols*. Ti in the 1st semester was not included due to insufficient samples above
detection limits to perform component analysis.

1st semester 2nd semester

Saharan Biogenic Sea salt coMm Saharan Biogenic Sea Biogenic coMm

dust (total) salt dust non absorbing absorbing
Si 0.95 - - 0.99 0.90 - 0.39 - 0.97
Al 0.94 - - 0.98 0.96 - - - 0.98
Fe 0.94 - - 0.99 0.95 - - - 0.96
Ti 0.97 - - - 0.96
Ca 0.86 - 0.39 0.92 0.52 - 0.72 - 0.85
P - 0.94 - 0.94 - 0.95 - - 0.96
Zn - 0.86 - 0.79 - 0.78 - - 0.72
K 0.43 0.86 - 0.94 - 0.93 - - 0.92
CPM? 0.44 0.81 - 0.92 - 0.89 - - 0.89
BCe 0.37 0.68 0.48 0.81 - - - 0.94 0.95
S 0.47 0.61 0.58 0.91 - 0.49 0.62 0.41 0.87
Cl 0.54 - 0.80 0.92 - - 0.92 - 0.92
Cumulative 40 35 (75) 17 (92) 35 29 (64) 17 (81) 10(91)

Variance (%)

* Loadings smaller than 0.30 were omitted.
4CPM is Coarse Particulate Mass concentration
bCOM is the communality correspondent to the chemical compound

Table 4. Comparison of the rainwater chemistry results obtained in this study with other data from remote sites around the world. Values
represent annual Volume Weighted Means expressed irrtegxcept for DIC expressed in pm1.

Africa Africa South

This  Sahelian Forest Africa  Torres del Venezuela Adlsf Costa Amazonf Amazonia

work Savannh (Zoetele}  Semi aridf Paine  (Savannd) Rica’ (wet seasor)
pH 4.90 5.7 4.6-5.4 4.77
Ht 12.6 21 12.0 12.2 10.9 4.3-23.6 16.3 4.6 17 5.6
Nat 3.8 7.7 4.0 9.3 13.2 3.5-8.1 3.3 27.2 2.4 3.5
NHj{ 3.7 12.9 10.5 9.7 0.6 <19-134 2.8 6.0 3.0 1.9
K+ 1.5 4.7 5.0 3.8 0.4 0.26-7.2 0.8 1.8 0.8 1.6
nss-K- 1.39 0.23-7.1 1.2 0.75
MgZ+ 1.93 5.6 2.4 4.1 3.2 0.48-4.0 1.0 7.4 0.90 0.71
nss-Mg"H' 1.06 0.11-2.2 1.3 0.36
cat 1.81 31.2 8.9 12.0 11 0.94-14.6 15 6.8 2.40 1.2
nss-C&* 1.64 0.88-14.2 5.6 2.29
F~ 0.76
Acetate 5.2 2.7 3.2 4.3 0.5 2.1-5.9 2.1 9.3 2.3
Formate 0.45 4.5 8.2 11.5 4.9 5.9-8.4 9.6 29 3.2
Cl— 52 7.4 4.3 10.0 17.0 3.5-11.8 6.1 33.0 4.6 3.9
nss-CI- 0.7 1.9-4.1 1.5 1.8
NO, 0.054
Br— 0.029
NO; 54 12.3 6.9 8.0 0.5 2.3-4.6 3.6 4.1 4.2 1.09
SO??’ 34 8.6 5.1 14.5 2.8 2.7-5.6 3.0 14.8 2.00 0.9
nss-SG~ 3.0 2.1-4.6 115 171
Oxalate 0.25 1.0 0.13
oi 0.0085 0.06 0.03
Citrate 0.022
pIc2 23.4
DEP° 55

ReferencestGaly-Lacaux and Modi (1998%Sigha-Nkamdjou et al. (2003§Mphepya et al. (2004fGalloway et al. (1996)°Sanhueza et al. (1998t ikens et al (1987)Elklund et
al. (1997);8williams et al. (1997)°Andreae et al. (1990).

ap|C is Dissolved Inorganic Carbarwhich is expressed in prmit.

PDEF is ionic deficit, defined ag] cationsX anions) and expressed in péd'l
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Table 5. Volume Weighted Mean (VWM) concentrations and deposition rates observed in rainwater at Balbina. Results area shown separately
for wet and dry seasons and annual mean. The range column refers to minimum and maximum observed concentration observed in the
collected samples. Concentrations are expressed irmfiéexcept for DIC expressed in pm}), and deposition rates in ped (UM m—2).

Concentration Deposition

Wet Dry  Annual Range Wet Dry  Annual
pH 501  4.80 4.90 44-55
HT 9.7 16.0 12.6 1.7-38 17.2 140 33.4
Nat 2.4 5.6 3.8 0.62-25 43 4.9 10.1
NH; 34 39 3.7 0.27-19 6.0 34 9.8
K+ 1.1 1.9 1.5 0.033-21 2.0 1.7 4.0
nss-K+ 1.1 1.8 1.4 1.9 1.6 3.7
Mg2+ 15 25 1.9 0.70-14 2.6 2.1 5.1
nss-Mcf+ 095 1.20 1.1 1.7 1.0 2.8
cat 1.6 2.1 1.8 0.30-20 2.8 1.8 4.8
nss-C&+ 1.5 1.9 1.6 2.6 1.6 4.3
F 0.6 1.3 0.76 0.53-2.6 1.1 1.1 2.0
Acetate 5.2 5.2 5.2 0.086-19 9.2 45 13.8
Formate 051 0.41 0.45 0.58-4.9 091 0.36 1.2
cl- 3.3 7.4 5.2 0.70-29 5.9 6.5 13.8
nss-CH 0.5 0.9 0.7 0.89 0.79 1.9
NO; 0.049 0.058 0.054 0.0043-1.0 0.087 0.051 0.14
Br- 0.030 0.025 0.029 0.0025-0.12 0.053 0.022  0.077
NO; 3.7 7.5 5.4 0.40-26.9 6.6 6.5 14.3
so?f* 2.0 5.1 3.4 0.40-27.4 35 45 9.1
nss-S§~ 17 45 3.0 30 39 7.8
Oxalate 0.21  0.28 0.25 0.0091-0.83 0.37 0.24 0.66
PO} 0.0061 0.010 0.0085 0.0020-0.29 0.011 0.009  0.023
Citrate 0.031 0.016 0.022 0.0047-0.13 0.055 0.014  0.058
DIC 21.2 2438 23.4 9.6-105 37.7 217 62.0
DEF 5.4 5.7 5.5 —2410 35 9.6 5.0 14.6

apIC is Dissolved Inorganic Carbon.
PDEF is ionic deficit, defined asy cationsE anions) and expressed in ped!
nss is the non-seasalt fraction

proportional rain volume. Considering that wet deposition isto explain Cf™ in rainwater than marine emission. A linear
directly related to the loading of chemical species in the at-relationship between Cland Na was observed-€ = 0.85,
mosphere, a possible explanation for this result is that thep < 0.01) indicating the presence of NaCl in rainwater, a
strength of the mechanism which releases these ions to theesult that was already reported in previous works on rain-
atmosphere is rather constant throughout the year. Furthewater chemistry in Central Amazonia (Andreae et al., 1990;
the higher concentrations in the 2nd semester are likely conWilliams et al., 1997) and is also in agreement with aerosol
nected to the less frequent removal of atmospheric particlesanalysis of the previous section.

The non-sea salt (nss) fraction for some selected ions is The concentration of oxalate was quite below the con-
also shown in Table 5. From these results we conclude thatentration of acetate and formate, which is an expected re-
there are other important processes than marine emissiorsilt in a remote site like Balbina. Oxalic acid is usually
contributing to the observed amount of KC&t, SOfl_and the most abundant among the dicarboxilic acids in the at-
Mg?* in rainwater. Indeed, the nss fraction for these ionsmosphere (Kawamura et al., 1996), and in polluted circum-
was 86 % for S@, 93 9% for K+, 919% for C&T and 55%  stances (which are not our case) it can have concentration
for Mgz+_ This is in agreement with the aerosol ana|ysis IeVelS even h|gher than the sum Of formiC and acetiC aCid
by APFA, which pointed that K, S, Ca levels are predomi- (Kawamura et al., 2001). The presence of oxalic acid in Bal-
nantly subject to the combination of biogenic, soil dust andbinais likely associated to natural emissions from vegetation.
biomass-burning sources (Mg was not included in aerosolSoprene is the major volatile organic compound emitted by
APFA). The exception to this pattern was Chwith a small ~ plants. It has been shown that pyruvic acid and methylgly-
nss fraction. It suggests the absence of any alternative proce§¥al formed by the oxidation of isoprene act in the pathway
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of the in-cloud formation of oxalic acid (Ervens et al., 2004; Sea salt contribution

Lim et al., 2005). Oxalic acid is also an end product of sev-

eral photochemical oxidation reactions (Chebbi and CarlierNa" is the most important signature for the seasalt contribu-

1996) and can accumulate in the atmosphere. Once formed, iton. Clearly, VWM of this ion was higher during dry season,

is expected to be quite stable and to be present as fine mods well as for Ct. Nevertheless, deposition rates for'Nand

particulate. Hence, the most important removal mechanisnfc!~ did not vary broadly during the year, similarly to most of

for oxalic acid is expected to be wet deposition. ions. Itis also shown in Fig. 7 the monthly mean Cl/Na ratio.
Due to the association of oxalic acid with photochemical It ranged between 1.3-2.1, which is quite close to the Cl/Na

reactions, it is believed that the hydroxyl radical (OHs ratio in seawater (= 1.17). It corroborates with the assump-

the primary agent in the formation of oxalic acid in the at- tion stated in the previous section that elemental Cl observed

mosphere. However, the formation of HN@ also linked to in aerosol is predominantly from marine contribution.

OH~ levels because it participates in the conversion mech-

anism of NQ to HNOs. Thus, oxalic and nitric acid can be

formed in parallel pathways, with the production rate of one

well correlated with that of the other. In fact, a linear relation- With respect to the annual cycle of ions commonly associ-

ship was observed between oxalate and nitrate=(0.82, ated to biomass-burning CKSOfl_ and ng), it is possible

P <70.'01)’ and we sugggst that thi_s similar dependence Witl}o observe that K and Scif presented higher VWM con-
OH~ is the reason for this correlation. : . . .
centrations in the 2nd semester, but did not for deposition
) ) ) rates. For Nlj[, even a seasonal difference in VWM was not
3.2.3 Monthly analysis of rainwater chemistry observed. These results make it difficult to conclude some-
thing with respect to the actual influence of biomass burning.
In Fig. 7 it is displayed the monthly evolution of VWM and |t seems that the degree of disturbance in the atmospheric
wet deposition fluxes for most of the measured ions. Plots argudget of aerosols was enough to result in an elevation of the
separated in VWM concentrations on the left and wet deposeasonal VWM concentration of ions but not in deposition,
sition fluxes in the right side. As for aerosols, these plots im-which is the case in urban polluted areas where fluxes are
prove the analysis of the annual cycle of the measured ions.quite higher. Previous studies in Amazonia observed a sim-
ilar pattern. Forti et al. (2000) performed measurements in
the Amap state, in Northern Amazonia. The authors stated
that biomass-burning influenced the composition of precipi-
The acidity profile tation based on the seasonal differences in the VWM of K
sof;, and Zn". However, similarly to this study, they did

Except for November that presented a pronounced differenc@0t observe differences in seasonal deposition rates.
compared to the other monthly means (25.0 pég VWM Thus, we state that the measurements were not conclusive
of HT did not vary broadly, ranging between 8.0 el  With respect to the influence of biomass burning in precip-
(April) and 15.5peqt! (January). These rather constant itation chemistry. A clear signal of biomass-burning should
level of H throughout the year resulted in a larget Hux ~ appear both in VWM and deposition. It seems that Balbina
during the wet season months of Jan—May in comparison tds & limit case, influenced by distant sources, whose biomass-
the dry season (Aug—Oct) (except for November). This is anburning plumes were subject to several physical and chemi-
important result because, given the clear signature of biomasgal processes during its transport. If one considers the VWM
burning in aerosols, an increase in acidity during the dry sea@s the parameter for decision, there are clear and signifi-
son associated to the biomass-burning source was expecte@ant differences comparing® SO;* and Cf. On the other

In the same figure it is shown the annual cycle ofigp hand, if deposition be considered as the key parameter it is
NO3, Acetate (Ac) and Formate (Fo). It is possible to ~ Not conclusive.
observe that the VWM of the mineral acidity anions%O
NOj enhanced their concentrations in dry season, which isca+
an evidence of biomass burning influence. However, this en-
hancement was not observed in deposition rates, as can ba aerosols, Ca was mainly associated to soil dust. Due to
seen in the corresponding plots in the right side of the figurethe lack of other soil dust tracers in our analysis of rain-
For example, average monthly deposition for Jan—May waswater, it was not straightforward to connect™tb a spe-
690+ 250 peqm2, which is statistically compatible with cific source. As shown below, it was not possible to ex-
the observed average for Aug—Oct of 656@90 peq nr2. tract a soil component in the Principal Component Anal-
This seasonal difference was not observed in VWM of theysis, and C& appears in the biogenic and organic acidity
organic anions At and Fo, resulting in smaller deposition components. Nevertheless, comparing the annual cycle of Ca
fluxes of these anions during the dry season. in aerosols and in rainwater it is possible to observe that

Biomass-burning contribution
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Table 6. Component loadings resulted from the application of Principal Component Analysis application on the rainwater chemistry data.
Loading values smaller than 0.30 were omitted. In the last line, it is shown the cumulative explained variance of the analysis.

Biogenic Organic Ammonium Phosphate Citrate | COM*

+sea-salt acidity  oxalate
Nat 0.89 - - - 0.97
ClI— 0.87 0.35 - - 0.92
SO#~ 0.85 0.34 - - 0.95
K+ 0.83 - 0.38 - 0.90
Mg2t 0.79 0.48 - - 0.98
cat 0.76 0.48 - - 0.92
NO3 0.69 0.56 - - 0.94
Acetate 0.37 0.84 - - 0.89
HT 0.57 0.76 - - 0.94
Oxalate 0.34 0.52 0.52 0.35 - 0.80
NH; 0.30 - 0.91 - 0.94
PO~ - - - 0.94 - 0.98
Citrate - - - 0.97 1.00
Cumulative 41 62 74 84 93
variance (%)

*COM is the communality correspondent to the related ionic species.

monthly means variation was smoother in rainwater VWM this component due to the significant loadings observed for
than in the aerosol concentration, and that deposition ratesi™ (0.52), NG; (0.69) and S@‘ (0.85).
were smaller during the dry season due to the reduced pre- The rainwater chemistry second component corresponds

cipitation volume. to processes related to acidity in rainwater, in particular the
_ . organic fraction. The loading values observed fdr, KD.76)
Factor analysis of rainwater measurements NOj3 (0.56), acetate (0.84) and oxalate (0.52), indicate the

presence of nitric, acetic and oxalic acid. These compounds
The results of principal component analysis (PCA) applied togre final products of photochemical and aqueous phase re-
rainwater measurements are shown in Table 6. Five principajctions (Khare et al., 1999; Sanhueza et al., 1991; Chebbi
components were extracted, explaining 93 % of the originalg carlier, 1996). In particular the presence of N@nd ox-
data variability. All components have a biogenic character,g|ate together in the same component is evidence of the par-
and in some cases, the combination of biogenic with othery|le| formation pathways related to oxidation processes de-
natural processes. The first component in Table 6 represenfsendent on OH levels to which both acids are subject. One
the biogenic emissions coupled with the large-scale transshould expect that any eventual influence of biomass burn-
port of marine aerosol. The marine contribution was iden-ing emissions (as observed in fine mode aerosols) would be
tified by the loading values for Na(0.89) and Cf (0.87),  reflected in this component. However, it is not possible to
while the high loading for K (0.83) was the signature for find any clear evidence of such effect. If this had happened,
biogenic (Artaxo et al., 1988, 1990, 1994). A linear relation- 5 significant correlation between W”d Sci_’ which are
ship between Na and K" (r = 0.84, p < 0.0005) was also  apundantly emitted by biomass burning, should be observed,
observed, which could suggest that ideposition could be  and this is not the case. Beyond that, the concentrations of
associated to marine contribution. However, the mean obzcetate and oxalate were comparable to the observed values
served proportion of K/Na* in rainwater (=0.36) was 16 i, remote areas and smaller than typical values observed both
times greater than the seawater ratio (=0.022), indicating thaj, yrban (Kawamura et al., 2001) and biomass burning influ-
only marine emissions do not explain the lépportionment  anced areas (Yobéet al., 2005).
and that there are other processes acting, in this case bio- Most of Ht explained variance is associated with the two
genic processes. In this same component, the loading valugfst factors. In terms of total deposition, they were respon-
for SO;~(0.85), C&" (0.76) and Mg+ (0.79) are also ob-  siple for 75% of H deposition (calculated via APFA). The
served, an indication that biogenic processes also play agecond component was responsible by 52 % of the whale H
important role on the deposition of these ions. Their cor-deposition, while the first factor accounts for 25 % of the H
relations with K~ were significant {=0.86,r =0.79 and  geposition, which helps to characterize the acidity in Balbina

r =0.85, all with p < 0.0005, respectively), corroborating as organic. This domain of organic over mineral acidity is
this analysis. Some of the mineral acidity was also related to
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Fig. 7. Monthly means of observed ionic VWM concentration (left) and deposition (right) in rainwater.
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Fig. 7. Continued.

a common feature observed in pristine tropical areas (San- Factors four and five had high loadings only forj’(ﬁnd
hueza et al., 1991). citrate, respectively. The identification of components with a
The third component loadings of NH(0.91) and oxalate  single chemical compound is not straightforward because it
(0.52) indicate that some fraction of the observed concenis not possible to associate them with other more common
tration of oxalate was possibly in the form of ammonium tracers, as we did in the previously analyzed components.
oxalate. Another possible explanation is the recombinationFor the fourth component it is possible to do a parallel anal-
of NHj,rr and oxalate after the dissociation of oxalic acid, a ysis with aerosol data, whe# (predominantly in the coarse
buffering effect. Both explanations reside on the availability mode) is associated with biogenic emissions from the vege-
of NHJr in rainwater, which is an indication of the existence tation. The same conclusion can be drawn for rainwater, i.e.
of Iocal mechanisms acting in the production and/or emissiorthe presence of ij is related to biogenic origin, possibly
of NH+ by the scavenging of biogenic aerosols. However, such an ap-
proach could not be done for the fifth component due to the
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NOAA HYSPLIT MODEL cally follow a pathway in agreement with the dominant atmo-
Backward trajectories ending at 00 UTC 25 Sep 01 spheric circulation in the period from August to November,
FNL Meteorological Data the peak of the biomass burning activity. During this period,
a counterclockwise atmospheric circulation is established in
Central Brazil (Satyamurty et al., 1998), which results in the
formation of a preferential corridor where smoke flows to
south/southeast of South America. This circulation pattern
E keeps Western and Central Amazonia relatively free of a sig-
nificant influence of biomass burning emissions. Apparently,
this relative small impact of biomass burning made it impos-
sible to detect a clear signature of biomass burning in the wet
deposition fluxes, thought the VWM of 30, NO; and K+,
were higher in the dry season. However, the enhancement of
these concentrations was not conclusive with respect to the
signal of biomass burning because even ions not related to
biomass burning also presented higher VWM during the dry
season months (e.g. Na
i Further, factor analysis applied on rainwater data was un-
oo Wm 8% able to extract any component related to biomass burning.
e 000 A linear relationship between Cand K was observed that
T S S e s could be indicative of biomass burning impacts. However,
T T e T e T T L the presence of this relationship also in the wet season makes
Sourse 11at -2 lon. 60 hgts: 100, 1500, 8000 m AGL the identification of most of Cl and K as originated from
N Yoy ot gt natural biogenic processes.
roduced wi om the ebsite (http /www.arl.noaa gov/ready/)
The chemical composition of precipitation and deposition
Fig. 8. Hysplit backward trajectories of air masses reaching Bal- fates in Balbina is typical of the background composition in
bina at 25 September 2001, when hotspots where observed alor@mote tropical areas. The majority of components extracted
the Amazonas river. The resulted wind streamlines are favorable tdy PCA were associated with natural biogenic emissions.
the transport of biomass-burning plumes to the sampling site. The only exception was the sea-salt contribution (in combi-
nation with biogenic) identified as part of the first principal
component. PCA analysis for aerosols also extracted a bio-
absence of such measurements of any compound similar tgenic component during the wet periods that could be sep-
citrate in aerosols. arated in two components during the dry season. This sepa-
ration resulted in a biogenic and in a Cassociated compo-
nent, which we attributed to marine contribution.
4 Discussion and conclusions A linkage between aerosol and rainwater was harder to es-
tablish for the remaining components. The main difficulty
The results and analyses examined in previous sections als that the different analytical methods utilized for aerosols
low us to comment on several aspects of aerosol and rainand rainwater resulted in a lack of similar chemical com-
water composition in pristine tropical rainforest areas. Thepounds in each analysis. For example, soil dust contribution
first one is that the composition of aerosols in central Ama-was not observed in rainwater. It is explained by the absence
zonia during the wet season is predominantly of natural bio-of a clear soil dust tracer in rainwater as in aerosols (e.g. Al,
genic origin, comprising 90 % of coarse mode and 83 % ofFe, Ti, and Si). C&" is crustal but it also has biogenic con-
fine mode aerosol mass. tributions (Artaxo et al., 1988, 1990). Beyond that?Can
Biomass burning emission was the second most importantainwater appeared in the first component, which is related
contribution to aerosol mass, acting only during the dry sea-to biogenic and sea salt and not to soil dust contribution. The
son. This influence was mainly due to the large-scale transmain similarity observed in aerosol and rainwater was the
port of plumes originated in distant locations that spread ovemarine contribution, which appeared in both analyses. Al-
huge areas in South America (Andreae et al., 2001, Freitas ehough it is not significant in terms of the Riylaerosol mass
al., 2000, 2005). In spite of this effect, central and westernor deposition rates, it was a clear signal in PCA analysis.
Amazonia are regions subject to a minor influence of smokeThe remaining rainwater components could not be associ-
In fact, even during the dry season the averagePddn- ated with aerosols due to the different nature of the assumed
centration of 8.5 ug m®, which is a pretty low concentration processes they represent. For example, the second and third
when compared to other heavily impacted areas of Southermainwater components, which were associated with acidity
Amazonia. This is because plumes of biomass burning typi-and buffering effects, have no parallel effect in aerosols. The

200S 60.00W

Source % at

3000 *

Meters AGL
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Fig. 9.Final result of Absolute Principal Component Analysis: fine/coarse mode partitioning of aerosol concentration during the 1st semester,
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Fig. 10. The same as the previous figure but for the 2nd semester. The mean concentrations weré mng3 for the coarse mode and
6.2+ 3.1 g n 3 for the fine mode.

same argument is valid for the 5th rainwater component, asseason months of Jan—Apr in the fine mode. This pattern was
sociated with citrate. attributed to the long range transport of Saharan dust to the
This study describes 2—3 years of continuous measureAmazon Basin, which is a phenomenon largely documented.
ments of aerosols and rainwater chemistry, showing that the Rainwater presented a similar profile, with no influence
continental Amazonia could be one of the regions whereof anthropogenic sources in the wet season. Even the influ-
the least anthropogenic influence could be observed in thence of biomass-burning during the dry season was not ev-
tropics and temperate regions. It was shown that during thédent, and could be observed only through the enhancement
wet season both aerosols and rainwater chemistry are donin the ionic concentration of K and scﬁ* but not in the
inated by the biogenic emissions. Biomass-burning plumesorresponding deposition rates. PCA detected at least three
advected from other regions of the Amazon starts to haveprocesses (the three last components) that are mutually in-
an impact after July. This perturbation extends until Decem-dependent and associated with natural processes that deserve
ber, when the whole basin is in the wet period and biomassfurther research. With respect to acidity, it was mostly dom-
burning emissions are negligible in Amazonia. Coarse modénated by weak organic acids, especially acetic and formic
aerosols did not present any significant influence of biomassacids. The proportion acetic:formate was the contrary of
burning, and its profile could be attributed only to natural bio- the most commonly reported for other remote sites around
genic sources. Minimum concentrations of particulate mattetthe world.
and concentrations of non-crustal elemental were typically It is hard to find sites in Asia and Africa that have little
observed in May. On the other hand, the soil tracers Ti, Fe, Alanthropogenic influences, due to the high population density
and Si clearly presented higher concentrations during the weof these continents. Perhaps Amazonia is the last region were
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