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Amazon Basin tropical rainforest is a key region to study the
processes that are responsible for global atmospheric changes.
There are large emissions of primary biogenic aerosol particles
released naturally by the vegetation, and also large amounts of fine
mode aerosol particles emitted during biomass burning. Fine and
coarse mode aerosol particles were collected at three sites using
Stacked Filter Units. Particle induced X-ray emission (PIXE)
measured concentrations of up to 20 elements in the fine mode: Al
Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br, Rb, Sr, Zr,
and Pb.

Biogenic and biomass burning aerosol particles dominate the fine
mode mass concentration, with the presence of K, P, S, Cl, Zn, Br,
and FPM (Fine mode mass concentration). During the dry season,
at two sites, a strong component of biomass burning is observed.

Inhalable particulate matter (dp<10pm) mass concentration up to

700 pg/m3 was measured. Absolute Principal Factor Analysis
(APFA) showed four components: soil dust (Al, Ca, Ti, Mn, Fe),
biomass burning (Black carbon, FPM, K, CI), natural biogenic
particles (K, S, Ca, Mn, Zn), and marine aerosol (Cl). Samples
collected directly over biomass burning fires in cerrado and primary
forest show large amounts of organic acids, in addition to K, Cl, P,

black carbon and other species.

Biogenic and Biomass Burning Aerosol Particles in Tropical Rainforest
ions

T.,ropical rainforest vegetation formations are characterized by intense sources of
biogenic gases and aerosols. The Amazon Basin has the world's largest ramfor.est,
and is g region with intense convective activity (), resulting in rapid vertical
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mixing of biogenic gases and aerosols to high altitudes where they can be
transported over long distances and have an impact on the global tropospheric
chemistry. It is becoming clear that it is necessary to increase our knowledge of the
chemical processes that determine the composition of the a_tmosphere in
background areas, and to understand biosphere-atmosphere interactions. It also is
necessary to obtain a better understanding of the alterations in the atmospheric
composition due to changes in land use in tropical rainforests. The tropical
rainforests of the world are in a delicate nutrient-limited environment (2). Due to
nutrient poor oxisols and ultisols in these regions the deposition of airborne aerosol
particles is needed to achieve a nutrient balance (2, 3). Several elements, like
phosphorus, are a critical airborne element that could limit annual net primary
production of the Amazon basin tropical rainforest (4).

In a tropical forest atmosphere, vegetation plays a major role in controlling
the airborne particle concentration. The forest vegetation is the principal global
source of atmospheric organic particles (5, 6). Only few studies involving natural
released biogenic aerosols have been conducted in tropical rainforests (7-76). The
natural biogenic aerosol particles consist of many different types of particles,
including pollen, spores, bacteria, algae, protozoa, fungi, fragments of leaves,
excrement and fragments of insects. A significant fraction also comprises
secondary aerosol particles formed by gas-to-particle conversion of organic and
sulfur-related biogenic gases. These biogenic particles can be sub-micrometric in
size. Bacteria in forested areas were found in the size range of 0.5 to 2.5 um in
size. Biological particles exhibit cloud influencing and can act as cloud
condensation nuclei, potentially affecting the cloud formation mechanisms.

The rapid deforestation now occurring in tropical regions has the potential
of changing the atmospheric composition and has a regional climatic impact that
can affect a large portion of the equatorial region. Biomass burning is a major
source of particulate matter and gaseous emissions into the atmosphere (/7). More
than 80% of the emissions from biomass burning originate in the Tropics. The high
rate of tropical biomass burning in the last decade is mainly a result of burning of
cerrado in Africa and deforestation in the Amazon Basin (/8). Estimates of total

biomass consumed on a global basis range from 2 to 10Pg (1 Petagram=1015g)
per year (/7). In terms of total particulate matter (TPM), emissions are around 104
Tg (1 Teragram = 1012g) per year (/9). For particulate matter in the fine mode
(FPM, dp<2.0 pm), emissions are estimated as 49 Tg of fine particles per year,
accounting for about 7 % of the global fine mode aerosol particle emission rate.
For elemental carbon, the emission of 19 Tg/year could account for a very high
(86 % of the total) anthropogenic emissions (79).

Experimental Methods
Fine and coarse aerosol particles were sampled using stacked filter units (SFU)

(20). The. SFU was fitted with a specially designed inlet, which provided a 50 %
cutoff diameter of 10 um (27). The SFU collects coarse mode particles
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(2.0<dp <10 pm) on a 47-mm-diameter, 8 pim pore-
0.4 um pore-size Nuclepore filter collects the fine mode particles dp<20 )
.0 um

(‘33)_ ;l‘he flow rate was typically 16 liters per minute, and sampling time varieq
from 24 to 72 hours. Particle bounce is not a problem in the Amazon bagjp due t
the high relative humidity (70 to 95%), 5

Three mopitoring stations are being operated continuously in different
vegetation formations. Figure 1 shows a map of South America with the location
of the three background sampling stations. The first aerosol sampling station is
situated in Cuiab4, at the Brazilian cerrado, south of the Amazon basin rainforest
The Cuiaba sampling station allows the analyses of regional effects of biomass
burning emissions due to the location of the station. The site is heavily affected by
regional cerrado biomass burning. A second aerosol sampling station was installed
at the "Serra do Navio," in the Northern part of the Amazon basin. This station is
located 190 Km North of the e€quator, in a primary tropical rainforest. The Serra
do Navio sampling site is relatively free from regional biomass burning emissions,
and there are no industrial activities for at least a thousand kilometers around the
sampling site. The third sampling site is in the region of "Alta Floresta", near the
border of Mato Grosso and Amazonas states. The Amazon basin dry season starts
in March, extending until late September. Biomass burning occurs mainly in the
end of the dry season, in August and September.

Direct biomass burning emissions were measured directly over the fires in
two different vegetation formations. Fires in primary forest were measured in the
state of Rondonia, near the village of Ariquemes. Fires in the cerrado vegetation
formation were measured at the Brasilia Ecological Station, administrated by IBGE
(Instituto Brasileiro de Geografia e Estatistica). Fine and coarse mode aerosols
were collected using Stacked Filter Units with battery operated vacuum pumps.
Sampling time varied from 2 to 10 minutes, since samples.were collectéd a few
meters over the fires. A 10 pm inlet was used to collect only inhalable particles.

The elemental concentrations were measured (\ivith th.e Pa;ticle-Induceq X-

issi IXE) (23) method. It was possible to determine the concentrations
:)i‘yu;n;lgsé%ne(llgment)s((Ai Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu,. Zn, Br,
Rb, Sr, Zr, and Pb). A dedicated SSDH tand.erp Pelletroq accelfzrgtor facility, the
LAMFI (Laboratério de Anilise de Materiais por Feixes I6nicos) from the
University of Sdo Paulo was used for the PIXE analyses. Detection limits are

typically 5 ng/m3 for elements in the range 13<Z<2:% and 0.4 ng/m3 fo.r elerpents
ith Z>23. The precision of the elementa}l concentrathn measurements is typ1'ca1.1y
b 10%. with 20% for elements with concentration near the detection limit.
- ndo,coarse fraction aerosol mass concentrations are obtained through
- 'ﬁniﬁi analyses of the Nuclepore filters. Detection limit for the aerosol mass
grawmf ation is 0.3pg m”. Precision is estimated at about 15%. Black carbon
(c:gzzzt;ation was ;neasured using a reflectance technique using a photometer.

size Nuclepore filter while a
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Absolute Principal Factor Analyses

To separate the .d.iﬂ'ercnt components of natural biogenic aerosols using tk
elemental composition, absolute principal factor analyscﬁs (APFA) ‘W';s‘ llll;m(% tj;e
25). APFA offers the‘possibility to obtain a quantitative elemental %(‘)Lll'CCL 1r(();"11'
instead of only a qua!llative factor loading matrix as in traditional a‘pplic’atitme 0(;"
factor analyses. In _mecipal factor analyses a model of the variability of the t;ace
element conce.ntratlons is constructed so that the set of intercorrelated variables is
transformed lr!to a set of independent, uncorrelated variables. The APFA
procedure obtains the elemental mass contribution of each identified component by
calculating the absolute principal factor scores (APFS) for each sample (/2, 13).
The elemental concentrations are subsequently regressed on the APFS to obtain
the contribution of each element for each component. The measured aerosol mass
concentration'can also be regressed on the APFS to obtain the aerosol total mass
source apportionment.

Background Aerosol Monitoring - Results and Discussion

A large number of samples were collected (150 samples in Alta Floresta, 183
samples in Cuiaba and 99 samples in Serra do Navio), allowing a detailed analysis
of dry and wet season atmospheric conditions. Biomass burning season occurs
mainly in August and September. Due to logistical reasons, a fraction of the fine
mode filters was analyzed by PIXE. From the total number of aerosol samples, 116
fine mode filters were analyzed for elemental composition in Alta Floresta, 136 in
Cuiab4, and 48 fine mode samples in Serra do Navio. The aerosol mass
concentration for the fine, coarse and inhalable particulate matter, and the fine
fraction (dp<2mm) elemental data obtained from the fine mode SFU filters
collected at the three sampling stations will be discussed in this paper.

Figure 2 presents the time series of the inhalable particulate matter
concentration for the 150 SFU collected at Alta Floresta, 183 SFU collected at
Cuiab and the 99 SFU collected in the Serra do Navio sampling site. There is very
clearly a large increase in aerosol loading in the atmosphere during th’e biomass
l- burning season (August and September) for the Alta Floresta and Cuiaba sampling
sites. In Cuiab, from an inhalable particulate matter (IPM) concentration of about

10-20 p.g/m3 during the wet season, the concentration goes as high as 100 to

150 pg/m3 during the biomass burning season. Aircraft mea'surements over large;,
areas of the Amazon Basin show very high IPM concentrations up t_o.300ug/m
(16). These high concentrations are observed in areas as large as 2 million square
kilometers, using aircraft and remote sensing measurements, and they generally last

for about two months, August and September. For the Alta Floresta site,

concentrations higher than 600 ug/m3 were observed. During the dry season in

Alta Floresta and Cuiabé, soil dust concentrations can be relatively high, being
Suppressed when the heavy rains arrive, generally in October. Only in December
and J; uar ’ mmW rains, aerosol concentrations dropped below 20ug/m3. In
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, Javi X
Serra do Navio, much lower inhalable particulat
> pe ate m
of 10-20 pug/m3
20 pg/m-
(40 to 80 ug/m3) were observed ip J

e iy oy | 48§ concentration was
1S observed. Higher concentrations

B o o anuary and February, possibly an effect of the
g ust. The geographical location in the North of the

on basin of th - ;
Amaz : e- Serra do Navio sampling site makes it less i

regional biomass burning. Some Increase during the bj ; ¢ss influenced by
. R 1€ blomass burning

n in Serra do : £ season can be

sifmounced as'mCli\iI at:/'m fme series of fine Mass concentration, but not s

p aba and Alta Floresta. The coarse particle mass concentration

shows some clear episodes of high concentration during January and February

During this time of the year, the position of the ITCZ (Intertropical Convergence

Zone) allows the intrusion of Sahara dust ;
z into th i :
detail in Prospero et al. (4,2 6. € Amazon basin, as discussed in

The fine mode aeroso] sam

g ples were analyzed by th PIXE
obtain the elemental composition o y = method to

f the airborne particles. Table I presents the
average elemental concentration in ng/m3 for the fine mode aerosol at the three

sampling _sites. FPM represents the fine mode aerosol mass concentration in pg/m3.
It is possible to observe the higher effect of biomass burning at the Alta Floresta
site, with the higher concentrations for K, S, Zn, FPM and other elements. The
higher soil dust concentrations in Alta Floresta can also be deduced from the high
concentration of Al, Si, Ti, and Fe. The concentration of some elements like P, Cl,
Ca, Mn, and Br are very similar for the three sites. The average concentration of
heavy metals, indicative of industrial contributions as Cr, Ni, Cu, Pb, is very low,

generally bellow 5ng/m3. This fact indicates the absence of industrial or other
anthropogenic emissions at the sites, with the exception of biomass burning.

The variability of the elemental concentrations at the three sampling sites
was analyzed using the Absolute Principal Factor Analysis (APFA) technique.
Table II presents the VARIMAX rotated factor loading matrix for the three
sampling sites. For Alta Floresta samples, only two factors explain most of the data
variability. The first factor clearly represents soil dust .aerosol, with high loadings
for Al, Si, Ca, Ti, and Fe. The second factor, representing r.1atural biogenic aerosol
mixed with biomass burning aerosol particles, has high loadings for K, FPM, S, Cl,
Ca, and Zn. Unfortunately it was not possible to measure black _carbcl)ln
concentrations for the Alta Floresta fine fraction samples, not allolwmlg t ;
discrimination between the biomass burning component and the l“‘_‘turaosrt e:;i}ele
biogenic particles. For the Cuiaba smpling site, thf{ee Sﬁ}Ct%TS ;:P Zlmg; i
data variabilty. The first fector has Heh ©ACC8R % 0o ines for KoM,
representing soil dust particles. The second fac

: : i rticles. The third factor

representing biomass burning pa . : ;
bl?,ck o S Ic(i’ an represents the naturally released biogenic Pflmdes-
gL, 8 Coon p t this interpretation for the Cuiaba factor

The ral arguments that suppo : ; . well as
e e,k cabon s esenialy i I Y e
i i terial responsible 1or : on
Chllzlr;ne znd orgmi]:;;m;;e observed as naturally ‘emltted by thebviﬁeza}t]lor} 31)11
';uwkgzsndp::::: not affected by biomass burning in the Amazon bas :
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Table I. Average Elemental Concentration in ng/m’ for Fine Mode Aerosol Particle
(dy<2jm) in three Remote Atmospheric Monitoring Stations in the Amazon Basin (*),

Alta Floresta Cuiaba Serra do Navio
Average  Sid Dev.  Average Std. Dev. Average Std. Dev.

() ) ()
Al 308 468 (116) 91.5 98.1 (136) 170 201 (48)
Si 485 508 (116) 134 129 (109) 414 496 (48)
P 16.0 18.6 (12) 10.0 7.6 (72) 15.5 10.8 (20)
S 948 741 (116) 389 339 (130) 526 397 (48)
Cl 12.9 10.0 (70) 10.4 11.9 (136) 13.2 10.4 (48)
K 701 728 (116) 326 353 (136) 251 205 (48)
Ca 43.6 37.3 (116) 291 24.2 (136) 54.1 40.9 (48)
Ti 23.6 26.0 (116) 6.92 7.36 (136) 14.2 15.9 (48)
\Y% 428 4.53 (86) 0.86 0.61 (25) 1.68 1.79 (17)
Cr 5.09 3.98 (67) 3.42 2.89 (66) 2.23 0.98 (17)
Mn 3.53 3.20 (46) 3.60 3.26 (136) 3.78 1.98 (48)
Fe 249 269 (116) 175 170 (136) 120 119 (48)
Ni 1.98 1.52 (12) 1.09 0.67 (8) 0.21 0.06 (2)
Cu 3:22 3.12 (53) 1.55 1.19 (69) 1.65 1.78 (25)
Zn 8.21 6.91 (116) 5.81 4.84 (136) 3.08 1.85 (48)
Br 5.86 3.27 (4) 5.61 5.86 (87) 5.26 3.14 (28)
Rb - - 1532 1.02 (41) 1.07 0.54 (19)
Sr - - 0.70 0.59 (49) 1.06 0.56 (20)
Zr = - 1.22 0.92 (95) 1.40 0.59 (23)
Pb - - 1.68 1.35 (87) 0.82 0.21 (16)

Black - - 2051 1922 (136) - =
FPM(*) 49.9 54.8 (116) 10.5 10.7 (136) 9.87 7.47 (48)

(*) Average and standard deviation (Std.Dev.) are shown. Numbers in parentheses are the
number of samples in which the concentrations of the element was above the detection limit,
Only samples with values above the detection limit were used in calculating the average.
Black is the black carbon concentration. FPM is the fine particle gravimetric mass
concentration expressed in pug/m’.

Table II. Factor Analysis Results for the Amazon Basin Fine Aerosol Fraction:
VARIMAX Rotated Factor Loading Matrices for each of the Three Sampling
Locations

Alta Floresta Cuiabd Serra do Navio

Soil _ Biog./B.  Soil _ Burning _ Biog. Soil Biog. Marine

Al 0.94 0.32 0.86 0.34 0.32 0.99 0.01 -0.06
Si 0.94 0.32 0.93 0.14 0.26 0.98 -0.05 0.02
S 0.32 0.87 0.40 0.37 0.77 -0.13 0.97 0.08
Cl 0.25 0.85 0.17 0.87 0.23 0.04 0.51 0.79
K 0.35 0.92 0.42 0.59 0.64 0.11 0.98 0.13
Ca 0.74 0.62 0.68 0.20 0.64 0.91 0.08 0.30
Ti 0.92 0.37 0.91 0.25 0.29 0.99 -0.08 0.02
Mn - - 0.63 0.41 0.63 0.79 0.06 -0.08
Fe 0.94 0.33 0.89 0.23 0.36 0.99 -0.01 0.09

Zn 0.53 0.67 0.54 0.42 0.66 0.25 0.68 0.64

Br 2 : g 2 £ 023 079 0.47
FPM 035« 090 0181 " 005 0T RG0S 0.22 ;
Black - : 029 090 026 3 3 §
x 47 44 49 36 28 55 42 1.4 : P éjf
Var, 47 44 41 30 23 46 35 12 i

Values in. bold represents the statistically significant factor loadings. A is the eigenvalue for
each retained factor; Var. represents the percentage of the variance explained by each factor.
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At the Serra d_” Navio sampling site, three f
| with high loading for Al Fe, Ti, Si, Ca ang Mn, represe :
Studies of long 1'.'.mgc transport of rosol |);nli("lcqu‘myh}:l,“s Soil dus
indicated the possibility that thege particles are Salh;;r,:"dégcl i ‘
injected it_ﬂo (h‘c Amarzon Basin (4,27). The Wler fa(ct()r‘;‘tr . lUS} Zamcle§ beipg
high loadings .101‘ K, FPM, S, Br, and Zn represents natural bkiour;d' g
third t‘a.ctor W“h. el _Zn _and Br represents the marine aerosol Z;rtri]::(lz ‘a:er'?}s‘xOl' s
do Navio sampl.mg site 1s about 300 km away from the oéeanp e tt}? ¢ Serra
wind direction is from the Atlantic O W &
than 90% of the element variability is expa - “Jenerally, more
indicates the adequacy of the factor
each analyses.

actors were obtained The first one

a¢

The APFA procedure allows obtaining absolute source profi

ng/m3.. Figure 3 shpws the absolute elemental source profiles for the
the biomass burning aerosol component for the three sites. T
composition is shown normalized to the fraction of the FPM

apportioned to the components for each sampling site. Potassium, for example,
appears at 1.4 %, 3.2 %, 2.7 % of the FPM respectively for the Alta Floresta,
Cuiaba and Serra do Navio sampling sites. These values agree quite well with the
presence of K in plants that is about 1.8 % (28). Sulfur appears enriched at the
three sites (2 to 6% of FPM), due to gas-to-particle conversion of sulfur gaseous
compounds. Zinc appears at 0.01, 0.05, 0.02% respectively for the Alta Floresta,
Cuiaba and Serra do Navio sampling sites, whereas Zn in plants appears at an
average of 0.02% (28), a value very close to the ones obtained in this work. The
elemental profiles for the three sites agree relatively well for several elements such
as P, Cl, K, Ca, Cr, Zn and Br. Black carbon at Cuiaba appears at 19% of the
FPM, whereas direct measurements show a highly variable valge, de;?ending on Fhe
physical parameters of the burns, varying from 4% for lg\y intensity smoldering
fires, to 25% for flaming combustion (29, 30). The remaining 70 to 80%' of tl}e
aerosol mass is organic carbon. Most of the sulfur concentration is of biogenic
origin as there are no large power plants or industries in the? Amazon basin. The
absolute elemental source profile for the soil dust component is presented in Figure

4. The absolute concentration in ng/m3 for each element apportioned to };chet hsroﬂ
dust component shows similar concentrations for Fe, Mn, Ca and Zn f(:r tt i sns fzt;
sampling sites. Alta Floresta and Serra do Navio show similar concentra

. 'I'l‘}haer:: S:s-ults shows that fine mode aerosol particles Clln l§¥1e ?nrir::azo;rt?;::
can be classified mainly in four groups: natu‘rally released 1:5“)501 ganidesi
biomass burning emitted particles, soil dust particles an3d ;'n?n;i A
From a background concentration of abc?ut 10 pg/m> fo e
mabmttmnger’ e gofis ast:tligolzl a:nclisr(:loprf/ gllan 600 pg/m3 in Alta

iming season at the Cuiab4 sampling s s -

Fl@f&sta Tﬁ;ﬁi&?;miu;?bﬁne paxr‘)ticles are injected in tl}e atmo;ﬂ}xs,g\;/ﬁzzl’;};?;
can traveI for long distances. The composition of these biomass

les in units of
biogenic plus
he elemental
concentration
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Amazon Basin Fine Mode Aerosol
Biogenic + Burning Source Profile
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Figure 3. Biogenic and biomass burning elemental profile for the three sites.
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Fine Mode Soil Dust Component
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Siltgelslre 4. Source profile of the fine mode soil dust component for the three
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dominated by organic and black carbon, with the
and other clcmcnl:\‘. 'l.’hc hatural biogenic copy
u‘opi\'“l |-;\intb(-csl. |s |-|%'.l‘1 in K, P, Zn, Mn, Sislra e e "

There are close similarities between the biogenic ;md biomassé’bl;l:1 iI(iom;l)onents.
profiles in the three sampling sites in the Amazon Basin, des iteg ::hemlental
differences  between thg sampling areas ang pluviometric,re rin?es T}T i{ge
concentrations measured indicate the possibility of regional and ED1obal.i s
of fine mode biomass burning emissions. G B

presence of K, Cl, S, Ca, Mn, Zn
ponent emitted by the Amazox;

Aerosol Measurements Directly over Fires in the Amazon Basin

In two different vegetation formations - ¢
samples were collected directly over the f

occurred in the Brasilia ecological reserve of IBGE (Instituto Brasileiro de
Geografia e Estatistica). They were planned prescribed fires. For the primary
tropical forest emissions, sampling was done in the state of Rondodnia, near the
village of Ariquemes. Stacked Filter Units were used for sampling, and normal
PIXE and Ion Chromatography (IC) was used to measure the elemental and ionic

component. Table III shows the fine mode average concentration for the measured
species separated for ecosystem and fire t

: : ype. In order to be able to compare
concentrations with large spatial variability, the elemental and ionic concentration
were normalized to the total fine mode mass concentration. Figure 4 shows the

average elemental composition for each fire phase and each type of ecosystem. For
some elements like phosphorus, the concentrations are very similar for all four
situations, whereas for Zn the emissions factors differ significantly. Emissions of
nitrates and chlorine are much higher in the cerrado ecosystem than in the tropical
forest. It is difficult to know if these differences are due to changes in the biomass
composition or distinct processes regulating the emissions.

The comparison of our measurements with similar data collected by other
authors is shown in Table IV. The emission factor for Cl, SO4 and Ca is

normalized to potassium emissions. It is possible to observe that emissions for
sulfates, reported by several authors, varies by a factor of 8. Crutzen et al. (3/) and
Bingemer et al. (32) have studied the sulfur cycle over the tropical forest
ecosystem and found large emissions of organic sulfur compounds in both natural
release and biomass burning emissions. The results from Ward and Hardy (33.) are
similar to ours. Gaudichet et al. (Gaudichet, A.; Echalar, F.; Chatenet, B.; Quisefit,
JP; Malingre, G.; Cachier, H.; Buat Menard, P.; Artaxo, P.;‘Maenhaut, W. 'J.
Atmos. Chem., in press.) have also compared emissions from Afr'lca qnd Amazonia,
observing similar differences in the emissions as those observed in thl; wprk. Tal?le
V shows the factor analyses calculations for the elements apd ionic_species
measured over the fires in the tropical cerrado and forest. Potassium and Chlorine
are always closely associated with Zn. Magnesium and calcium are closely relatgd
, for both cerrado and forest fires emissions. The organic acids (formic and acetic)
b are not directly associated with any other element or ion. Some factors are similar

errado and primary forest, aerosol
res. For the cerrado fires, sampling
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Table 11I. Amazon Basin Bioma
Elemental Composition.
Fire Combustion. Values Expresse

Samples from Savanna an

CHEMISTRY OF THE AMAZQN

ss Burning Aerosol Direct Emissions: Tonic and
d Tropical Forest for Different
d as Ratios to Fine Particle Mass in Percentage

Savanna Tropical Forest
(% of fine mass) (% of fine mass)
Phase Phase Phase Phase
Sflaming smoldering flaming smoldering
A 028 +0.11 0.25+0.11 0.23+£0.10 0.27 £ 0.08
(56) (32) (21) (39)
Fo~ 002440012 0.023+0.013  0.019+0.008  0.025+0.014
(55) (32) (13) (29)
NO<™ 0.61 +0.36 0.36 + 0.32 0.11 +0.08 0.12 +0.07
3
(54) (31) (15) (25)
S04% 0.74 + 0.36 0.35+0.33 0.87 + 0.64 0.36 +0.31
(56) (32) (21) (39)
0 0.08 £ 0.05 0.06 + 0.05 0.06 + 0.06 0.04 +0.04
(56) (30) (19) (34)
Na® 0.022+0.016 0.024+0.020  0.016+0.11 0,020 + 0,037
(39) (20) (17) (25)
NH,' 0.10+£0.08  0.047 +0.037 0.09 + 0.06 0.046 + 0.039
(28) a1 (14) (23)
K 29120 1.3+1.7 0.7+0.6 0.43 £ 0.25
(56) (32) (21) (39)
Mg2+ 0.035+0.024 0.032+0.019  0.024 +0.021 0.026 +0.028
(36) (20) (18) (20)
calt 0.10 £ 0.09 0.09 +0.09 0.08 +0.03 0.06 + 0.04
(42) (24) (20) (37)
Al 23+46.0 07+1.2 0.4+0.4 0.5+0.5
(14) (11) (8) (18)
Si 42+16 23+13
(17) (10)
P 0.049+0.019 0.043+0.012 0.048+0.011  0.033 +0.010
()] (16) (11) (20)
Cl 1.5+1.4 0.7+1.0 0.12+0.14 0.08 £ 0.05
(53) (27) (8) (16)
Fe 0.15+0.26 0.09 +0.15 0.031 0.048 + 0.027
(13) 12) 1) (8)
Cu 0.006 £0.004  0.004+0.002  0.004 +0.001 0.003 +0.002
(54) (26) (20) (36)
Zn 0.019+£0.015 0.012+0.015 0.006+0.004  0.004 + 0.002
(54) (12) (20) (25)
Br 0.06 + 0.04 0.04 +0.02 0.05+0.02 0.05 £0.06"
Black lg3~5F)7 ® (8) ©)
56) pae 87 4426
(2) @1 (39

For each element or ion, averages, stan
element or ion was measured above

dard deviation and number of
analytical detection limits are

were calculated using only values above the detection limit.

precem ited.
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ssium of the Average Values for Emissions of Cl, SO4
Burning Plumes. Samples
Other Authors Are

Table IV. Ratios for Pota
and Ca Observed in Direct Emissions of Biomass
from Savanna and Tropical Forest (Values Observed by

Also Shown)

Type of Vegetation Cl SO Ca

Savanna (Brasilia) (“flaming”)" 0.52 0.26 0.03
Savanna (Brasilia) (“smolderinng™)" 0.54 0.27 0.07
Tropical Forest (Rondonia) (“ﬂaming”)al 0.17 1.24 0.11
Tropical Forest (Rondénia) (“smolderinng”)a 0.19 0.84 0.14
Savanna (Brasilia) (“flaming”) 0.33 0.1 0.1

Tropical Forest (Rondonia) (“ﬂaming”)b 0.48 0.54 0.16
Tropical Forest (Ronddnia) (“smoldering”)b 0.25 0.38 0.21
Savanna’ 0.17 0.95 0.05
Savanna® 0.59 0.18 0.18

“Brasilia, Marabd); c) Ref. 14

Data from: a) This work; b) Ref 33 (BASE-B ,
(Brushfire/80-Brasilia); d) Ref. 30 (DECAFE/FOS - Ivory Coast, Africa).
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/si for Biomass Burning Direct Emissions in
Table Va. Principal Factor Analysis Results for

the Amazon Basin Savanna - Brasilia

Var Fac. 1 1mm-4 Fac. 5 Fac. 6 Fac. 7 Cg;g;n_
K 0.97 - s i : : g Ot90
. e - ; P 0.42 0.75

5 026  -0.25 a 0.23 : ,

an i O'.3O 4 0.23 E . 0.87 0.87
Sj _ 3 . 2 0.82 - - 0.73
B,g : k 0.24 2 = 0.71 s 0.65
Ca 1 . -0.20 - 0.79 = - 0.71
Black C : g : 0.85 5 - 0.29 0.84
FPM -0.50 0.74 s -0.25 = - 0.25 0.93
3 - 0.94 - - - - = 0.92
Fo~ = - 0.86 . L o £ 0.78
NO3~ 053 -021 044 e -0.21 : 0.24 0.65
SO4 0.78 - - - - - 0.24 0.71
C,0 062 055 - 0.35 - -0.25 - 0.90
Nat -0.25 = -055 -0.58 3 " - 0.78
NHy - - - - 2 0.83 1 0.75

Table Vb. Factor Analysis Results for Biomass Burning Direct Emissions in Tropical
Rainforest - Rondonia

Var. Fac. ] Fac.2 Fac.3 Fac.4 Fac.5 Fac. 6 [Fac. 7 Comm.
K 0.83 -031 - - - - P 0.87
Cl 0.75 - - - ~0:20008 0121 2 0.72
Zn 0.79  -0.80 - -0.25 020 . 0.25 0.82
Cu > 4 = - = 0.87 0.80
Mg - 027 080 -0.26 : 2 -0.24 0.91
Br 0.85 . 035 021 = = 1 0.92
Ca . - 0.91 0.21 = 2 2 0.92
BlackC 036 -0.56 -0.35 - 0.30 0.30 - 0.76
FPM - 0.86 5 2 . = . 0.86
Ao - 0.86 : 0.26 - g 2 0.87
Fo - 0.27 - 0.92 2 L 2 0.94
NOs i 3 = - - 0.70 0.49 0.76
S04 , - -0.69 - - 0.58 = : 0.89
C04~ 021 021 024 WNOEG
% : : 0.70 -0.20 & 0.79
> 3 S - -0.82 - 0.71
NH4 -0.44 - 021 -047 o058 . 2 0.81

Only eigenvalues larger than 0.20 are shown. The last column shows the communalities.
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for cc”“d‘f “f'd iorost,‘hkc ”'f" FPM (fine particle mass) and acetate, indicating the
high organic influence in the FPM.
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