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Abstract: 
Results are reported from an airborne campaign to investigate the impacts of burning biomass upon 
the loading of lower-tropospheric aerosols and its composition over the Brazilian tropics. The flights, 
conducted as part of the NASA/Transport and Atmospheric Chemistry Near the Equator-Atlantic 
(TRACE A) mission, started on September 1, 1992, when the dry (fire) season still prevailed in the 
central part of Brazil, and ended on September 29. Of the total number of burnings detected in Brazil 
by the advanced very high resolution radiometer (AVHRR)/NOAA satellite sensor, 74% were 
concentrated in the states of Amazonas, Maranhao, Mate Grosso, Para, Roraima, and Tocantins 
during this period. Aerosol particles were sampled from a twin-engine aircraft in transit and vertical 
profile flights were made up to 4,000 m altitude. Black carbon measurements made in real time and 
in areas of burning biomass peaked at similar to 2,500 m above the ground, increasing to similar to 
12,000 ng/m(3). In other areas these values were lower by 1 order of magnitude. A condensation 
nuclei counter measuring small particles (>0.014 mu m) produced values ranging from 2,000 to 
16,000/cm(3) for areas with low and high burning biomass, respectively. Deposition filters in a two-
stage cascade impactor, and Nuclepore filters collected aerosols for analysis of 13 elements through 
particle-induced X ray emissions (PIXE). Primary elements associated with soil dust (AI, Si, Mn, Fe, 
Ni) prevailed in the aerosol coarse mode (>1 mu m) while the fine mode aerosols were enriched in S, 
K, Br, and Rb, which are tracers normally associated with burning of biomass. The good correlation 
between fire spot counts, obtained via AVHRR aboard NOAA satellites, and black carbon, counts of 
small particles and total aerosol mass, suggests the determining of local concentrations of fire-
derived aerosol fire emissions by satellite to be a new and useful approach. 
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Airborne measurements of aerosols from burning biomass 
in Brazil related to the TRACE A experiment 

E. B. Pereira,' A. W. Setzer, 1  F. Gerab, 2  P. E. Artaxo, 2  
M. C. Pereira,' and G. Monroe 3  

Abstract_ Results are reported from an airborne campaign to investigate the impacts of 
burning biomass upon the loading of lower-tropospheric aerosols and its composition over 
the Brazilian tropics. The fiights, conducted as part of the NASA/Transport and 
Atrnospheric Chemistry Near the Equator-Atlantic (TRACE A) mission, started on 
Septembei I, 1992, when the dry (fire) season still prevailed in the central part of Brazil, 
and ended on September 29. Of the total nurnber of burnings cletected in Brazil by lhe 
advanced very high resolution radiometer (AVHRR)/NOAA satellite sensor, 74% were 
concentrated in the states of Amazonas, Maranhão, Mato Grosso, Pará, Roraima, and 
Tocantins during this period. Aerosol particles were sampled from a twin-engine aircraft 
in transit and vertical profile flights were made up to 4,000 m altitude. Black carbon 
measurements made in real time and in arcas of burning biomass peaked at -2,500 m 
above the ground, increasing to -12,000 ng/m 3. In other areas these válues were lower by 
I order of magnitude. A condensation nuclei counter measuring small particles (>0.014 
gm) produced values ranging from 2,000 to 16,000/cm 3  for areas with low and high 
burning biomass, respectively. Deposition filters in a two-stage cascade impactor, and 
Nuclepore filters collected aerosols for analysis of 13 elements through particle-induced X 
ray emissions (PIXE). Primary elements associated with sou l dust (AI, Si, Mn, Fe, Ni) 
prevailed in the aerosol coarse mode (>1 p,m) while the fine mode aerosols were enriched 
in S, K, Br, and Rb, which are tracers normally associated with burning of biomass. The 
good correlation between fire spot counts, obtained via AVHRR aboard NOAA satellites, 
and black carbon, counts of small particles and total aerosol mass, suggests the 
determining of local concentrations of fire-derived aerosol fire emissions by satellite to be 
a new and useful approach. 

Introduction 

Some 2 — 10 x 10 15  g of dry biomass burn every year, 80% 
)f which occurs ia the tropics, producing large amounts of 
atmospheric pollutants [Crutzen and Andreae, 1990]. The re-
sultint total emission of particulate matter from this source has 
been estimated at 10' 4  g/yr, with about half of the particulates 
in the fine mode (<2.0 p.m in diameter); for elemental carbon 
the emission from burning biomass (2 x 10 13  g) could account 
for up to —86% of the total anthropogenic release [Levine, 
1990]. 

About 97% of the abovegrouno carbon in a tropical forest is 
i-ijected into the atmosphere from many fires over a 10-year 
period [Fearnside et al., 1991] and more than —85% of this 
carbon is released as CO 2  [Ward, 1990]. Ward and Hardy [1991] 
have described aerosol particles generated in different com-
bustion phases, and Ward et al. [1992] and Kaufman et al. 
[1992] have made specific emission measurements in tropical 
forests, secondary forests, and savannas of Brazil ia recent 
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years. The overall emission factors they reported included the 
Brazilian data and varied from 5 to 40 g of particulates per 
kilogram of dry matter for corresponding combustion efficien-
cies, varying from 98 to 60%, respectively; high releases of 
other elements, among them Na, K, Cl, Ca, and S were also 
reported, 
- Artaxo and collaborators [e.g., Artaxo et al., 1988, 1990, 

1993a, b, 1994] focused on the dementai and size distribution 
analysis of natural and fire-related aerosols collected from 
ground monitoring stations and in controlled fires ia forests 
and savannas of central Brazil and Amazon. They reported 
high leveis of K, S, Si, Zn, and organic matter, as well as total 
environmental aerosol loads of —600 gg/m 3, directly caused by 
burning biomass. For a savanna fire in southern Brazil, 
Coutinho [1990] summarized the percentage transfer of ele-
mental mass from the above ground phytomass to the atmo-
sphere to be 95% N, 51% P, 44% K, 52% Ca, 42% Mg, and 
59% S. In addition, mineral sou l dust is injected jato the free 
atmosphere by the intensa thermal convection generated by 
lhe fires. 

The mineral content of smcke particles from burning bio-
mass is related primarily to lhe mineral nutrients of lhe source 
vegetation, while the emission of black carbon and particulates 
into the atmosphere is basically a function of the fire intensity 
(temperature) and combustion factors such as moisture and 
available oxygen. Nitrogcn and S are volatized in fires at tem-
peratures as low as 600°C and then are converted to aerosols 
by photochemicatand chemicai reacrions, respectively. Arka- 
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une elements (e.g., Ca and K) present in the savanna vegeta-
tion tend to be emitted to the atmosphere directly in particu-
late form [Coutinho, 1990]. 

Aerosols, generated by intensive burning of tropical vegeta-
tion, have been related to cloud formation [Rogers et al., 1991], 
through its role as cloud condensation nuclei (CCN). CCN can 
exert a strong influence on cloud radiative parameters with 
indirect effects on the radiative balance of the atmosphere. In 
addition to these indirect effects on the radiative balance of the 
atmosphere, aerosols directly ieflect sunlight back into space. 
A particularly important component of the pyrogenic aerosols 
is black carbon (BC), composed of elemental carbon and 
graphite carbon or "soot". Owing to its characteristic light 
absorption and scattering properties, BC can play an as yet 
unknown contribution to radiactive balance [Chylek et al., 
1984]. 

Large ratios of black carbon to K have been associated with 
the atmospheric transport of burning biomass emissions in 
remote oceanic areas [Andreae, 1983], and also in the Brazilian 
Amazon region [Andreae et al., 1988], at the very beginning of 
a dry season. Holben et al. [1995] have recently measured a 
decrease in total daily insolation of 28-35% in the Amazon 
region, caused by the emissions from burning biomass at the 
peak of the dry/fire season. 

This paper presents the results of different airborne aerosol 
measurements in the troposphere related to burning biomass, 
made by the Brazilian team of the U.S. NASA mission Trans-
port and Atmospheric Chemistry Near the Equator—Atlantic 
(TRACE A) [Fishman et al., this issue], condueted in Brazil 
during the second half of September 1992. This work also 
includes results from the 2 weeks that preceded TRACE A, 
when the dry/fire season for most of Brazil was dose to its end. 
The reported data contribute to the knowledge of large-scale 
distributions of aerosols emitted from vegetation tires, a sub-
ject not yet properly evaluated. This paper also shows a pre-
viously unknown relation between fire detection by satellite 
and in situ aerosol concentrations. 

Instrurnents and Methods 
The aircraft employed in this mission was a twin-engine 

Embraer/Brazil EMB110 Bandeirantes, equipped with a cen-
tral data acquisition system based on a PC 486 microcomputer. 
The aircraft is the property of the "Fundação Cearence de 
Meteorologia e Recursos Hídricos" (FUNCEME-Brazil) and 
is mainly used for cloud research purposes. It was adapted to 
the needs of the TRACE A mission by including the subse-
quently described supplementary equipment. 

Real-time onboard instrumentation consisted of two laser 
pai ticle counters for small and large aerosol particles, and a 
black carbon monitor. Small particles were measured by a 
condensation nuclei counter (TSI, CNC-3760) for sampling 
and counting small particles. This instrument uses a 5-mW 
laser diode as light source to detect and count small aerosol 
particles with diameters >0.014 1.m, over the range of O to 10 4  
particles/cm 3  (at 6% coincidence levei, factory calibrated). The 
response time is approximately 2 s at a constant flow rate of 1.4 
L per minute. Black carbon (BC) concentration was measured 
by an Aethalometer (Magee Sci.), a device based on the optical 
attenuation of a beam of light transmitted through the sample 
when collected on membrane filters. In order to achieve the 
maximum sensitivitv of 17 ne/in -4  at Uie -mio time base, we 
used an (high) air flow rate of up to 65 L per minute, provided  

by a dual stage air pump and loxs tlow impedance air fiIt 
Calibration was provided by the manufacturers. An intereo m' 
parison between absolute BC and the Aethalometer measw 
ments for burning biomass aerosols have shown that, for the sg  
particles, the original Aethalometer calibration is acceptabli9 
(H. Cachier, personal communication, 1995). 

The forward scattering spectrometer probe (FSSP) (plyik 
model FSSP-100) was used to mcasure particles in the 0,54 
pcm size range. The FSSP results prkweci to be of very linfite4 
use in the characterization of the burning biomass aerosolS, 
owing to Lhe low counting statistics obtained in most cases. 
FSSP results were used in this papei only to detect the pres. 
ence of clouds during the process of data reduction and inter. 
pretation. 

Integration time was set to 1-min for ali instruments owing 
to the relatively slow response time of the Aethalometer. 
Nonetheless, this integration time \N as well above the responso 
time of the particle counters. The corresponding spatial sam. 
pling scale was about 7 km, assuming a mean aircraft speed t)f. 
about 400 km/hr. 

Air inlets for the Aethalometer and for the condensation 
nuclei counter were isokinetically tapped from a large diame-
ter (2.5-cm radius) manifold pipe inside the aircraft, with its 
inlet pointing into the oncoming airstream and located just 
above the pilot cabin, and the outlet located near Lhe tail. 
Sampling inlets were also of the isokinetic type for the FSSP, 
which was mounted on a pilon below one of the aircraft's 
wings. 

Aerosols were collected simultaneously on independent 
Nuclepore filters for elemental analysis at the University of 
São Paulo by the particle-incluced X ray emission (PDCE) tech-
nique [Artaxo and Orsini, 1987], and no Teflon filters for total - 
mass (TM) measurements by the gravimetry method. A two-
stage cascade impactor, with 50% elliciency cuttoff diameters 
of 1.0 gni and 0.5 p,m, was also used, and its deposition sur-
faces were also irradiated for FIXE. 

Several air pumps were installed in the aircraft to collect 
aerosols on the filters, with air flow rates of up to 25 L/min. 
Flow rates through filters and integra tion volumes were mea-
sured and regulated by Hasting precision mass flowmeters, 
Filter sampling times were typically in the range 1.5 to 3 hours. - 
The aerosol inlets were designed to be isokinectic for typical 
sampling flow rate and aircraft velocity. Most of the particles 
were in the fine mode (<2 lm), thereby reducing the noniso-
kinectic sampling effects. Inlet air stunplings were located in 
the top and bottom frontal parts of Lhe aircraft and ahead of 
the propellers, in order to prevent autocontamination, and as 
dose as possible (<1 m) from the pumps/filters booth, in order 
to minimize particle fosses. 

The aerosol filters collected during Lhe mission flights were 
prepared in a laboratory clean room and sealed in containers. 
After sampling they were sealed again and only opened within 
the clean room for analysis. Blank filters were handled identi-
cally to the aerosol samples. 

Ancillary rneasurements included geographical position and 
altitude of the aircraft from a Global Positioning System (GPS) 
(TNL-2000), externai air temperature, and static pressure. The 
aircraft was not pressurized, thus imposing a maximum limit of 
4,000 m in flight altitude. Fully equippcd and with the mission 
team, Lhe aircraft flew for —5 hours at a speed of —400 krn/hr. 

The missions.  flown were part of Lhe NASA TRACE A 
experiment and were origmally scheduled to 'oe siioultaacous 
with those of NASA's DC-8 aircraft over Brazil, for the period 
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using one afternoon image from :he advanced very high reso- 
lo lution radiOmeter (AVHRR) aboard the NOAA 11 satellite, 

through its (thermal) channel 3 (3.55-193 lin). This tech- 
nique, described by S'etzer and Pereira [1991a] and Pereira and 

Setzer [1993], counts the number f pixels (picture elements of 
o the digital satellite image) that are associated with ground fire 

spots. Nevertheless, it is not posçible to quantitatively derive 
burning arcas using this methodology. Independent measure- 

-to ments have shown that biomass fires as small as 30 m can 
provide saturation in the grey scale and can be counted as a 
single fire spot. The size, of one pixel for the NOAA 11 satel-
lite, beneath the satellite's overflight, is about 1 km. Satellite 

-20 images were collected daily by the Instituto Nacional de Pes-
quisas Espaciais (INPE) satellite receiving station at Cachoeira 
Paulista, São Paulo, and were automatically processed. Data 
products were in the form of maps containing the position of 

-30 individual fire spots and as statistical tables of fire spot fre-
quencies. This information was routinely obtained during the 
course of the mission in order to direct flight trajectories to 
arcas of burning biomass activities. 

- -- -40 
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Figure 1. Flight rnissions for the FUNCEME aircraft during 
TRACE A. September 2 to 29. The abbreviations in the figure 
are: MN (Manaus), ST (Santarém), MB (Marabá), AF (Alta 
Floresta), TE (Terezina), FO (Fortaleza), PN (Porto Nacio-
nal), BJ (Bom Jesus da Lapa), GO (Goiânia), BH (Belo Hori-
zonte), SJ (São José dos Campos), and CU (Curitiba). 

of September 18-29, 1992. However, to obtain a better char-
acterization of emissions from burning biomass, flights actually 
started on September 2, closer to the peak in fire activity for 
most of Brazil. The dry season of 1992 was reiatively wet, when 
compared to previous years and the early start of our flights 
avoided the effects of the anticipation of the rainy season which 

followed. 
Flight scenarios for the mission are clepicted in Figure 1, 

pecified in Table 1, and included severa] vertical profiles and 
levei transit flights. The maximum altitude during vertical pro-
files Was limited to - 4,000 m. Transit flight altitudes followed 
airway regulations in each region and were up to —3,700 m. 

Satellite image analysis was employed to detect vegetation 
fires in Brazil during the experiment. This was achieved daily 

Results and Discussion 
Forest fires detected by lhe AVHRR thermal channel oc-

curred mostly in the states of Mato Grosso, Pará, Tocantins, 
and Maranhão. Monthly integrated counts of fire spots for the 
whole Brazilian Amazon region (The Brazilian Amazon is 
composed of the states of Acre, Amazonas, Maranhão, Mato 
Grosso, Pará, Roraima, and Tocantins) during dry season/1992 
are shown in Table 2. The peak of this burning season was in 
August. Usually, the rainy season begins by mid-October in the 
central part of the country. 

Figure 2 shows the plot of burning spots integrated for the 
period of September 1-10. The region where clearings and 
burns of tropical forests change into pasture and farming land 
occur is spread over the southern boundary of the tropical 
forest and advances northward toward its interior. A typical 
picture of the distribution of daily fires in this arca is found in 

work by Setzer and Pereira [1991a]. As shown in Table 2, 
—123,000 fire spots were detected by the AVHRR during the 
June—September period in the Brazilian Arnazon, or —74% of 
the corresponding total of —166,000 fire spots for ali of Brazil. 
However, it should be pointed out that most tires In the Era-
zilian Amazon refer to the reburn of forests cleared in previous 

Table 1. Mission Flights Data 

Flight Name Date Itinerary Description 

FOTE02 September 2 Fortaleza-Terezina Transit flight 

TEMB02 September 2 Terezina-Marabá Transit flight 

MBMB03 September 3 Marabá-Marabá Vertical profile 

MBSTO4 September 4 Marabá-Santarém flight Transit 

STMNO4 September 4 Santarém-Manaus Transit flight 

MNAF05 September 5 Manaus-Alta Floresta flight Transit 

AFAFl O September 10 Alta Floresta-Alta Floresta Vertical profile 

SJPA24 September 24 S. J. Campos-P. Alegre intercept Outflow 

CUCU24 September 24 Barra Velha-Curitiba Vertical profile 

GOBH26 September 26 Goiania-Belo Horizonte Along outflow 

BJPN27 September 27 Bom Jesus-Porto Nacional flight Transit 

PNPN28 September 28 P. Nacional-P. Nacional Vertical profile 

PNPN29 September 29 P. Nacional-R Nacional Vertical profile 

MBNAB29 September 29 Marabá-Marabá Vertical proffle 

Average transa flight altitude is 2162 -± 561 m. 
Typical vertical pl-ohle altitude range is :)00 to 46tiu m. 
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Table 2. Burning Spots in Brazilian Amazon States for Lhe Dry Season of 1992, Denved 
From the AVHRR/NOAA Satellite Thermal Sensor 

Month, 1992 Acre Amazonas Maranhão 
Mato 

Grosso Pará Roraima Tocantins 
Total, 
Month 

June O 15 473 1,416 200 24 1,376 3.504 
July O 40 1,565 5,551 1,855 145 2,812 11,968 
August 183 565 6,438 20,262 18,546 3,422 11,970 61,386 
September 36 331 7,863 12,050 8,512 2,834 14,347 45,973 

Total/state 219 951 16,339 39,279 29,113 6,425 30,505 122,831 

*Total for Bra7ik 166,411 fire counts (73.8%). 
This represents 73% of the total burning spots observed for Brazil. 

years and to the conversion to savanna. In other parts of Lhe 
country, fires are mostly associated with pasture renewal, pre-
harvesting of sugar cane, and miseellaneous agricultura( prac-
tices. 

In order to compare aerosol and black earbon data with Lhe 
tire spots detected by the (satellite) AVIIRR, the following 
procedure was devised: fire spots were first integrated over a 
fixed time interval before each flight date, for severa' nominal 
cireles of investigation ranging in radius from 50 to 1,000 km. 
These circles were centered dose to Lhe geographie location of 
each of the vertical profile flights. In the case of transit flights 
their center was halfway between Lhe two airfields used in the 
corresponding flight. A 3-day integration time was chosen 
based on results of isentropic back-trajectories calculations by 
S. Bachmeier (personal communication, 1994). This procedure 
allows for the study of the spatial variability of the influence of 
AVHRR fire spots on black carbon and small aerosols. Results 
of the integrated AVHRR fire spots for each nominal radius 
are presented in Table 3. 

Figure 3a and 3b shows the ininimum and maximum range 

MCl/PR-IMPE 	Fire detection BRAZIL 
Date: 01-10 Sep 1992  

of concentrations for black carbon and sinall particles consid-
ering ali profile flights. 'The highest black carbon, reaching ao 
absolute peak of -12,000 ng/m 3 . was obtained over Marabá, 
on September 3 (MBMB03). This peak coincided with the 
largest number of AVHRR satellite fire spots detected for Lhe 
whole experiment and also with the highest overall profile of 
small particles for the experiment, when a peak of -16,000 
particles/cm 3  was obtained. The inean black carbon concentra-
tion found during this vertical profile (7,400 ng/m 3) was com-
parable to values reported at ground levei for large cities like 
New York (4,200-13,300 ng/m 3), Los Angeles (400-13,100 
ng/rn3), and Paris (1,600-10,200 ng/m 3 ), by Hamilton and 
Mansfield [1991]. 

The vertical profile for black carbon and small particles with 
the lowest values was obtained over Porto Nacional, on Sep-
tember 27 (PNPN27), by Lhe end of the burning season, when 
the early onset of rains for the season prevented farmers from 
burning additional areas; this is in contrast with the profile of 
the highest concentrations measured, which were less by nearly 
1 order of magnitude. Mean black carbon found during this 
vertical profile (900 ng/m 3) was comparable to values found at 
ground level for an average of 1,300 ng/m 3  for 20 rural sites in 
lhe United States [Shah et al., 1986]. 

The curves for maximum vertical concentration profiles of 
black carbon and small aerosols (Figure 3) reach their peak 
values at altitudes around 2,200 m above sea levei; and similar 
features were observed in ali other flights over regions of 
burning biomass. The altitudes of higher concentrations were 

Table 3. Three-Day Integrated Fire Spots Counted Inside 
Several Nominal Circle of Investigations for Each Flight 

Flight 50 km 250 km 500 km 1000 km Total 

FOTE02 O* 25 259 5124 11665 
TEMB02 52' 1310 4638 8273 11665 
MBSTO4 7* 256 3259 13444 20885 
STMNO4 2* 13 33 2788 20885 
MAAF05 1* 10 83 4278 16391 
PNMB29 15* 400 2496 8439 10816 
GOBI126 6* 55 407 1971 6262 
BJPN27 6* 358 1021 2394 4299 
SJF'A24 0* 10 64 415 3297 
PNPN27 37 498 1904 8729 10816 
PNPN28 52 615 2080 7075 11921 
AFAFIO 191 924 3640 12208 14710 
MBMB03 659 3953 8803 13650 17104 
MBMB29 90 701 1686 6917 10816 
CUCU24 2 10 126 665 3297 

*Circle of investigado') too sruall. 
Figure 2. AVI-IRR/NO.A.-A, satellite biomass borning spots 	The column corresoonding to "Total" gives the total tire counts 
distribution for the period of September 1 to 10, 1992. 	integrateci over the whole BoU2kn arca (8,550,000 km-). 
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F'etween 2,000 m and 3,000 m, with only minute leveis mea-
sured dose to 4,000 m. Comparison with air temperature pro-
files showed that the concentration peaks were located be-
tween small temperature inversions or above a slight increase 
in the gradient in the temperature profiles. Such stable layers 
are actually expected in the dry/fire season when stable anti-
eyclone tropospheric circulation prevails in the region. This 
condition is well characterized in Figure 4 and shows the tem-
perature profile for September 29 over Marabá with two in-
, ersion layers at —2,000 m and - 3,000 m, and the correspond-
nig peaks in the black carbon and small particles profiles 
concentratioas. In this caie the upper inversion layer is the 
reason for the trapping of aerosols up to the levei of - 3,000 m, 
and for the high leveis of black carbon between the two inver-
sion layers. This vertical profile also shows a considerable en-
hancement of small particles relative to the black carbon con-
centrations at low altitudes (below about 1,300 m). Although 
the aircraft avoided fire plumes during low altitude flights, the 

pai ticle enhancement at low leveis was probably linked 
,o fresh smoke plumes, with their higher content of small 
organic particles and volatiles. The black carbon to total mass 
ratio was 1.3%, one of the lowest found in Table 4, 
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Figure 4. Veitical profile near Marabá on September 29 
(MBMB29). 

The overall mean results for total aerosol rnass concentra-
tion, for small particles, and for black carbon are shown in 
Table 4, along with the ratio between total mass concentration 
and black carbon. The maximum total mass, measured by 
gravimetry, was found for the MBMB03 vertical profile (200 
mg1m 3) and was about 1 order of magnitude larger than for the 
other flights. During this flight about 660 fire spots were 
counted in a 50-km radius circle of investigation; it was Lhe 
largest value found for the whole mission. Fire spot count were 
also maximum for larger circles of investigations, but not for 
the total counts found for the entire country (-17,000). Mean 
maximum black carbon was —7,400 ng/m 3  (absolute maximum 
of 12,000 ng/m3  at about 2,400 m). The small particles load was 
also the highest during this flight (--9,900 particles/cm 3), yet 
with a markedly different vertical profile of concentrations. 
Although only a few fires of moderate extension could be seen 
frorn the airplane cabin during this flight, the visibility was 
quite low, probably as a consequence of smoke transport from 
neighboring regions. 

In contrast to the high concentration peaks, the smallest 
mean for black carbon concentrations (67 ng/m 3), and for 
small particles (677 particles/cm 3 ), were obtained at lhe begin-
ning of the mission for flight FOTE02, from Fortaleza to 
Terezina and typify the ocean air background for particulates. 
The coastal region of Fortaleza is influenced by the westward 
air circulation driven by the quasi-permanent high pressure 
center over the tropical South Atlantic Ocean, which brings 
relatively clean air from the Atlantic ocean (total mass con-
centration of only 17.2 gg/m 3 ). Five-day isentropic back-
trajectories were calculated and evidenced an air mass flow 
from the ocean intercepting the 'light path after a short transit 
over land. As the flight proceeded toward Marabá (flight 
TEMB02, same day) back-trajectories calculations showed in-
creased land influence which lead to a drastic growth in black 
carbon of about 1 order of magnitude. The ratios between 
black carbon and total mass concentration shown in Table 4 
evidence this land influence. 

The biack carbon content hl Lhe total ¡nas, t..oneuntrrt"-- 
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Tabk 4. Total Aerosol Mass Concentration, Small Aerosol Loads and Black Carbon 
Concentration for Each Mission Flights 

Flight 
Height. 

na 
B1ack Carbon (BC), 

ngim3  
Small Particles, 

#/cm3  
Total Mass (TM). 

1-teim3  
BC/TM, 
Percent 

FOTE02 2600 61  17.18 0.4 
TEMB02 2586 491 41.67 1.2 
MBSTO4 [196 419 2546 39.68 1.1 
STMNO4 2244 1710 4343 32.67 3.2 
MAAF05 1706 865 1500 32.49 2.7 
PNMB29 2365 1408 3863 111.1 1.3 
GOBH26 1345 722 3000 21.30 3.4 
BJPN27 2770 554 2559 15.83 3.5 
SJPA24 2650 667 2568 25.99 2.6 
PNPN27 v.p. 899 27118 10.05 8.9 
PNPN28 v.p. 697 2817 15.83 4.4 
AFAF10 v.p. 2018 3764 30.46 6.6 
MBMB03 v.p. 7382 9908 206.7 3.6 
MBMB29 v.p. 921 4422 10.99 8.4 
CUCU24 v.p. 999 4743 23.30 4.3 

Note: v.p. is vertical profiles. 

aerosols particles was found to be highly variable, ranging from 
0.4 to 8.4%. These values are low when compared to lhe 4 to 
40% estimated by Patterson and McMahon [1984] or of 18% by 
Crutzen and Andreae 1,19901. The correlation coefficient be-
tween black carbon and total aerosol mass load for ali data of 
ali missions was only 0.32 (0.26 confidence levei). This is ex-
plained by the fact that black carbon represents on average 
only about 5% of the total mass of the aerosols, according to 
the data in Table 4 for flights performed ia burning biomass 
areas. On lhe other hand, black carbon had a significantly 
higher correlation coefficient of 0.69 (0.01 confidence levei) 
with small aerosol particle counts. This latter result was ex-
pected since black carbon particles are mostly submicron. The 
submicron particles are responsible for the majority of the 
counts in the condensation nuclei counter (CNC). 

Correlations betwcen small aerosol particles, black carbon, 
and total mass concentration with fire spots are graphically 
shown in Figure 5, for several nominal ranges of investigation. 
We have employed the r-Spearman nonparametric statistics to 
estimate these correlations. This test measures lhe degree of 
agreernent or disagreement hetween two variables based on 
the ranks of data rather than the values themselves, and does 
not depenct on the type of statistical distribution. Figure 5 
comprises only vertical profile flights in order to consider the 
vertical changes in concentration. As expected, results for 
black carbon, small particles, and total mass are well correlated 
with fire spots counted within the 50 to 250 km range of 
investigation because of the ubiquitous burning biomass 
sources in this arca. steep decrease in the correlation coef-
ficients atter 250 km, marks the limit of influence of burnings 
of biomass on lhe local concentration of pyrogenic emissions. 
A similar relation between satellite fire spots and burning 
biomass cmissions, but for the case of ozone, has been previ-
ously reported [Setzer et al., 1993]. 

Figure 6 shows the plot of concentrations ot black carbon 
versus tire spots integrated for the 50-km circle of investigation 
for ali the vertical profiles within Brazilian Arnazon region. 
The linear regression on these points is excellent, with r > 
0.99, which suggests the possibility of estimating local concen-
trations ot black carbon and other aerosol fire emissions in the 
atmosphere by using satellite (lata. The relationship between 
fire spoi counts (R') anel blatk k,a1 buli (BC) is given by: 

BC(ng/m 3) = 10.9 ± 0.5 x FC 

+ 174. ± 265.(r - (1.99). 	(1) 

In order to evaluate lhe weight of the one point removed from 
the rest of the distribution (MBMB03) on this regression co-
efficient, a second linear regression une (dashed une) was also 
drawn not including this point in the calculations. As can be 
seen from this figure, this second une also shows a good linear 
regression coefficient (>0.99) but with a minor change in slope. 
This indicates that the good linear regression coefficients ob-
tained are not an artifact caused by this more distant data 
point. The linear regressions obtained for total aerosol mass 
(TM) and for small aerosol particles (SP) counted by lhe CNC 
displayed the same behavior, and are, respectively, given by 

ti2 

R 

0.5 

-0.5 

200 	400 	600 
	

1000 
range (km) 

Figure 5. Spearman rank correlation coefficient versus range 
of circles of investigations for black carbon, total mass concen-
tration; and small particles. The rapid drop of correlations at 
about 250-500 km suggests a limit for lhe influence of burnings 

local =roso! charaf;teristics. 
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I M(p..g/rn 3) = 0.32 -± 0.03 x PC 

+ 12. -± 15.(r = 0.98), 	(2) 

and 

SP( /cm l) = 11. -± 1. x FC 

+ 2433. -± 748.(r = 0.95). 	( 3 ) 

The,. data points, however, and the corresponding regression 
açu shown in order to avoid cluttering this figure with 
of information. 

Elemento' composition and associated standard deviations 
found for aerosols concentrations in the Nuclepore filters are 
shown in Table 5. Owing to the long collection time of a few 
hours for aerosols on filters, the results presented are the mean 
Vailleti for the entire flight. Missing values are reported as 
asterisks in this table. Major sou derived elements such as Al 
and Si ranged from 120 to 1000 ng/m 3  for AI and from 500 to 
5 .1(4. ,•m3  for Si. Potassium, which has been linked to the 
burn,.. biomass [Andreae et al., 1988; Crtttzen and Andreae, 
19901, ranged from 100 to 7,700 ng,/m 3. Other biomass assoei-
ated elements such as S and Ca ianged from 360 to 3,800 ng/m 3  
and from 110 to 11,100 ng/m 3 , respectively. 

Potassium and S presented very good correlations (r- 
Spearman) against black carbon, as seen in Table 6. Further- 
more, the ratio between K and black carbon was fairly constant 
hetween 0.43 and 0.75, with only one case above 1 
(MIM B03 = 1.04), considering flights performed in regions of 

biomass. This is consistent with the pyrogenic origin of 
thc two elements. Nevertheless, the flight which presented 
the greatest maritime influence also presented the greatest 
K:BC (FOTE02 with 1.5). Correlations between K and total 
mass concentration of aerosols (0.46) was much lower, with 
high K:TM values found for flights occurring ia high burning of 
hiomass areas such as MBMB03 (0.037). The correlations for 
ali other trace elements with black carbon were low and sta- 
tistically nonsignificant in this work. Potassium and S concen- 
tut;ons ia the small particles were also statistically significant 
an ., as expected, presented lower correlation coefficients when 
cornpared to the black carbon correlations. Iron was found to 

100 	200 	300 	400 	500 	600 
	

700 
	

800 

fire counts (r < 50 km) 

gure 6. AVHRR/NOAA fire spot counts for 50-km radius 
sArcle of investigation versus black carbon for the vertical pro-
lile The correlation coefficient is high and the adjusted 
straight line (solid tine) through the points is shown along with 
the 95% confidence levei (dotted lines). A second regression 
tine (dashed line) is ?Aso adjusted tlxrough the points but ex-
cluding the very high MBMB03 data' point. 
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Table 6. Correlation Coefficients (r-Spearman) Between 
the Elemental Composition of Table 5, and Black Carbon 
Concentrations, Number of Small Aerosol, and Total 
Aerosol Mass Loads of Table 4 

Element Rank 

Bleck Carbon 

Small Particles 

0.80 
0.80 

(0.006) 
(0.009) 

0.56 (0.06) 
0.38 (0.21) 

Fe 0.34 (0.26) 

Total Mass 
Fe 0.55 (0.06) 

0.52 (0.07) 
0.46 (0.11) 

Si 0.31 (0.29) 
Ca 0.31 (0.30) 

Confidence levels are in parentheses. Only trace elements with not 
more than one missing value were considered in this analysis. 

be important in the small particles, indicating a mixed influ-
ence of sou l dust uplift in the submicrometer burning biomass 
emissions. The total mass presented a more complex matrix of 
correlations that included sou l tracers such as Si and Fe, along 
with the biogenic S, K, and Ca, at statistically significant leveis. 

Mineral content in the burning biomass emissions is directly 
related to the rate of heat release of the biomass during the 
flaming phase. Sulfur, for example, is easily volatilized in a fire 
at relatively low temperature (above 600°C), while the alkaline 
elements K and Ca are lost primarily in particulate form 
[Coudnho, 1990]. Furthermore, as summarized by Coutinho 
[1990] for a savanna fire in southern Brazil, a negative corre-
lation exists between the Ca export to the atmosphere and the 
degree of combustion of the vegetation. As for the carbona-
ceous particulates, the rate of emission is favored at low-
temperature fires (<800°C) and oxygen deficiency [Ward, 
1990]. The high enrichment of Ca with respect to total mass 
and black carbon (0.54% and 150%, respectively) in the 
MBMB03 vertical profile flight may be linked to this low de-
gree of cornbustion (low ternperatures) of nearby fires. This 
hypothesis is further supported by the fact that the K to black 
carbon ratio (1.0) was also high for this flight. 

Both the K:TM and Ca:TM ratios decreased at the end of 
the TRACE A experiment for the same site as evidenced by 
the comparison of flights MBMB03 on September 3 during the 
maximum burning biomass activity and of MBMB29 on Sep-
tember 29 after the early onset of rains for the season. 

Figure 7 depicts the results for black carbon and small par-
ticles during flight SJPA24, from São José dos Campos to 
Porto Alegre. This flight was performed in an attempt to in-
tercept the burning biomass aerosols from central Brazil that 
outflowed to the Atlantic Ocean. This outflow follows the 
major tropospheric circulation pattern for South America 
which is linked to a static subtropical high in the South Atlan-
tic. The transit flight shows a simultaneous increase of elemen-
tal carbon and small particles between 1115 and 1200 LT, when 
the airplane was flying off the São Paulo—Santa Catarina coast 
at about 2.6 km altitude. A cold front was located north of Rio 
Grande do Sul state which favored the eastward outflowing 
circulation toward the Atlantic,Ocean in the warm hranch of 
this tront. lhe percentage of btack carbon with respect to the  

total mass concentration (2.6%) was lower than values fo und 
for flights performed in the burning biomass regi ons  
(MBMB03: 3.6%, AFAF10: 6.6%), but much larger than fní." 
the flight under strong maritime influence (FOTE02: 0.470 .  
The ratio between K and black carbon (0.6) was comparable'tõ 
values linked to concentrations found in the Brazilian Arnazo n  
during the burning season. Nevertheless, the sulfur-tg. 
potassium ratio was 2.3, dose to the ratio in the urban envl. 
ronment of a large industrial city such as São Paulo (2 .9 
measured at ground levei). compared to ali other flights' 
(around 1.5), except for the maritime flight FOTE02 (15) .  in  
the case of SJPA24, which was also flown over the sea, tht s  
excess sulfur could be linked to the sulfate from oxidation of 
marine dimethylsulfide (DMS). Although the increase in !Mack 
carbon and small aerosols occurred in a broad area, extending 
further south from the major urban centers of São Paulo and 
Rio de Janeiro, the air masses that moved off the continent 
may have been contaminated by urban pollution produced in 
these large cities during the previous day and transported to 
our area during the previous night. Anderson et al. [this issue] 
have also detected haze layers related to this outflow on more 
than one occasion by the NASA DC-8 aircraft flights during 
TRACE A. Their results show the presence of these low-level 
haze layers at about 2 to 5 km. A vertical profile flight showe 
in Figure 8 (CUCU24) was conducted at the coast fine of Santa 
Catarina, in an area free of local urban pollution, in arder to 
characterize this outflow. Our result is comparable with Ander-, 
son et al. [this issue] and his collaborators, with a broad en-
hancement in black carbon and small particles extending from 
an altitude of about 1.5 to 3.0 km. 

Results of the deposition filters in the two-stage cascade 
impactor suggest a relation between the elemental composi-
tion of the aerosols in the fine (<1 12,m) and coarse modet; 
Figure 9a shows the relative mass concentration (in percent-
age) between the two stages of the impactor for ali samples. 
Figure 9b and 9c refer to vertical profiles with high and re- -  
duced burning of biomass, respectively, during MBMB03 and 
PNPN28. Primary elements associated with sou l dust (AI, Si, 
Mn, Fe, Ni) prevailed in the coarse mode aerosols (>1 1.tm). 
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Figure 7. Small aerosols and black carbon during transit 
flight from São José dos Campos to Porto Alegre on Septem -

ber 24  (SJPA24). This flight crrsssed the continental ontflow of 
pyrogenic emis-ãions to the Atlantic ocean. 
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Ne fine mode aerosols were mostly enriched in S, K, Br, and 
which are tracers normally associated with burning bio-

nass. This pattern was typical of high concentrations of par-
iculate matter in the troposphere and high counts of fire spots, 

in the MBMB03 profile. Calcium and Fe, although with 
iistinct sources in the pyrogenic emissions, are also associated 
mith the coarse fractions of the aerosols, which explain their 
Jositive correlation with the total mass loads, but not the 
zorrelation between Fe and small particles in Table 6. 

Conclusions 
As viewed by AVHRR fire spots counts during the mission, 

the region where clearings and burns occur of tropical forests 
which change into pastureand farming land, is spread over the 
southern boundary of the tropical forest and advances north-
ward toward its interior. The concentrations found for black 
carbon was 12,000 ng/m 3  and for small particles was 16,000 
particles/cm 3, comparable to values reported for large urban 
centers. The maximum concentration of black carbon and 
small particles coincided with the largest number of fire spots. 
The good correlation between black carbon and the integrated 
fire spot counts by AVHRR indicates a new, viable approach 
to estimate emissions based on satellite images. Linear regres-
sion for a circle of investigation with radius of 50 km yield the 
following concentration for black carbon as a function of fire 
spot counts (FC) for vertical flights in biomass burning areas: 
BC( ng/m3 ) = 10.9 -± 0.5 x FC + 174. -± 265. (r > 0.99). 
Small aerosol particles (SP) also presented this good linear 
regression with fire counts: SP(1/cm 3 ) = 11. -± 1. x FC + 
2433. .-± 748 (r = 0.95). For total aerosol mass (TM), the 
relation found was TM(p..g/m 3) = 0.32 -± 0.03 x FC + 12. -± 
15 (r = 0.98). Small aerosol particles, black carbon, and total 
mass concentrations appear to be related to distance and show 
a strong decrease in correlation with satellite fire spots at about 
250-500 km, and mark the limit of infiuence of burning bio-
mass on the local concentration of particulate fire emissions. 
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Figure 8. Vertical concentration profile of black carbon and 
submicrometer particles in the continental outflow of the py-
rogenic aerosols to the Atlantic Ocean. This flight was con-
flucted t the coastline of Santa Catarina on September 24 
(CUCU24). 
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Figure 9. Relative mass concentration in percentage of total 
mass between the two stages of the two-stage cascade impac-
tor. (a) Ali flights; (b) MBMB03; and (c) PNPN28. 

The atmospheric differences between the period of high 
burning of biomass at the beginning of the rnission (September 
3), and 26 days later for the same site, just after the arrival of 
rains, was remarkable. Total mass concentration of aerosol 
decreased by more than 1 order of magnitude (-20); black 
carbon decreased by a factor of 8, while small particles de-
creased by a factor of 2. 

The content of black carbon in the aerosol particles was 
fonnd to he highly variahle. ranging from 1.1 to 8.4% of the 
total aerosol mass fàf llights performed in regions of biomass 
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fircs. This ratio for maritime air was much lower (0.4%). Po-
tassium and S presented good correlation coefficients against 
black carbon. Furthermore, the ratio between K and black 
carbon was fairly constant between 0.4 and 0.7 in the burning 
biomass arcas. Icon, Si, and Ca, along with the S and K, showed 
significant correlation coefficients with total mass loads, indi-
cating a mixed influence of soil dust uplift and burning biomass 
in the pyrogenic emissions. Ali other trace elements showed 
nonmeaningful correlations with black carbon, small particles 
and/or total mass. Primary elements associated with sou l dust 
(AI, Si, Mn, Fe, Ni) prevailed in the coarse aerosol mode (>1 
p.m). The fine inode aerosols were enriched in S, K, Br, and 
Rb, which are tracers normally associated with the burning of 
biomass. 
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