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Abstract.

The Smoke, Clouds, and Radiation-Brazil (SCAR-B) field project took place

in the Brazilian Amazon and cerrado regions in August-September 1995 as a
collaboration between Brazilian and American scientists. SCAR-B, a comprehensive
experiment to study biomass burning, emphasized measurements of surface biomass, fires,
smoke aerosol and trace gases, clouds, and radiation, their climatic effects, and remote
sensing from aircraft and satellites. It included aircraft and ground-based in situ
measurements of smoke emission factors and the compositions, sizes, and optical
properties of the smoke particles; studies of the formation of ozone; the transport and
evolution of smoke; and smoke interactions with water vapor and clouds. This overview
paper introduces SCAR-B and summarizes some of the main results obtained so far. (1)
Fires: measurements of the size distribution of fires, using the 50 m resolution MODIS
Airborne Simulator, show that most of the fires are small (e.g., 0.005 km?), but the
satellite sensors (e.g., AVHRR and MODIS with 1 km resolution) can detect fires in
Brazil which are responsible for 60-85% of the burned biomass; (2) Aerosol: smoke
particles emitted from fires increase their radius by as much as 60% during their first
three days in the atmosphere due to condensation and coagulation, reaching a mass
median radius of 0.13-0.17 um; (3) Radiative forcing: estimates of the globally averaged
direct radiative forcing due to smoke worldw1de based on the properties of smoke
measured in SCAR-B (—0.1 to —0.3 W m™2), are smaller than previously modeled due to

a lower single-scattering albedo (0.8 to 0.9), smaller scattering efficiency (3 m* g~

1 at 550

nm), and low humidification factor; and (4) Effect on clouds: a good relationship was
found between cloud condensation nuclei and smoke volume concentrations, thus an
increase in the smoke emission is expected to affect cloud properties. In SCAR-B, new
techniques were developed for deriving the absorption and refractive index of smoke from
ground-based remote sensing. Future spaceborne radiometers (e.g., MODIS on the Earth
Observing System), simulated on aircraft, proved to be very useful for monitoring smoke
properties, surface properties, and the impacts of smoke on radiation and climate.

1. Introduction

Biomass burning in the tropics is one of the most important,
although poorly quantified, human impacts on the environ-
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ment. Tropical biomass burning now comprises about 80% of
the biomass that is burned globally {Hao and Liu, 1994]. This
is much higher than a century or two ago, due to increases in
population in the tropical regions, steady encroachment on
forested areas, and the use of controlled burning as a land
management tool. Nevertheless, human impacts on the envi-
ronment through fire are not new. Measurements of charcoal
and pollen sediments show a clear correlation between rate of
burning, human settlements, and a shift in the natural vegeta-
tion from pyrophobic to pyrotolerant and pyrophilic species
[Crutzen and Andreae, 1990, hereinafter referred to as CA90].

Scientific interest in tropical biomass burning was height-
ened some two decades ago with the suggestion by Crutzen et
al. [1979, 1985] that it is an important source of some key trace
gases in the atmosphere. It is now known that biomass burning
is responsible for 10-30% of the global CO budget, which is of
particular importance since the emissions are in the tropics, a
region of strong solar radiation, including UV, and therefore
of major importance for tropospheric chemical processes
[CA90]. CO, through interactions with the OH radical, can
substantially reduce the oxidative (or cleansing) efficiency of
the atmosphere; biomass burning may therefore increase the
lifetime and concentrations of many trace gases [CA90]. In
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regions of biomass burning, oxidation of CO and hydrocarbons
in the presence of elevated concentrations of NO, causes for-
mation of ozone in concentrations as high as in strongly pol-
luted urban smogs [Kirchhoff, 1984; Logan and Kirchhoff, 1986;
CA90]. Since NO, has a lifetime of only a few days (similar to
the lifetime of smoke aerosol), and CO of 10 to 100 days, the
high NO, concentration from biomass burning is mainly in
smoke regions. Biomass burning is also a source of CH,
[CA90].

Biomass burning is also a major source of atmospheric aero-
sol. It emits submicron particles composed mainly of partially
oxidized organic materials. These particles are both efficient
scatterers and absorbers of sunlight. They are also efficient
cloud condensation nuclei (CCN) and therefore interact with
clouds [Warner and Twomey, 1967; Hobbs and Radke, 1969;
Holben et al., 1991; Kaufman et al., 1992]. The global rate of
production of biomass burning aerosol is not much smaller
than the global rate of production of sulfate acrosol [Radke,
1989].- The possible climatic effects of smoke particles was
pointed out by Crutzen et al. [1985] and provided the basis for
the “nuclear winter” hypothesis [Crutzen and Birks, 1982], in
which smoke from fires caused by a nuclear attacker was hy-
pothesized to diminish sunlight and agricultural productivity
over the entire hemisphere. Heavy smoke in northern latitudes
is known to reduce daytime ground temperature by several
degrees [Robock, 1988]. Emission of smoke particles is esti-
mated to have a similar direct effect (through interaction with
solar radiation) and indirect effect (through interacting with
clouds that reflect sunlight) on the Earth’s radiation balance to
that of sulfates [Penner ef al., 1992]. However, recent revised
estimates of the radiative forcing of smoke worldwide, based
on measurements from SCAR-B, are significantly lower both

for the direct [Hobbs et al., 1997] and the indirect [Kaufman

and Fraser, 1997] effects. Nevertheless, the effect of smoke on
radiation, cloud microstructure, and air pollution are of major
importance on local and regional scales. The effects of smoke
on atmospheric temperature profiles and cloud microstruc-
tures may disturb the hydrological cycle in the tropics, with
potential effects on regional and global climate. Long-range
transport fueled by convective injection into higher altitudes
has been documented [Pickering et al., 1996; Fishman et al.,
1996], but the effects on global climate and atmospheric chem-
istry are not well established. Other important impacts of bio-
mass burning on regional environments were reviewed by
CA90. They include acid deposition, effects on soil degrada-
tion and nutrient cycle, deforestation, and effects on local
biota, animals, and people.

Early field studies of biomass burning in the tropics empha-
sized measurements of the emission of trace gases and their
evolution in the atmosphere, particularly the formation of tro-
pospheric ozone. These included measurements in Brazil by
Crutzen et al. [1985], Andreae et al. [1988], and Fishman et al.
[1996], and in Africa by Lindesay et al. [1996] and Lacaux et al.
[1995]. Studies of biomass burning that have placed more em-
phasis on the properties of the smoke aerosol in North Amer-
ica include those of Radke et al. [1991], Ward and Hardy [1991],
and Hobbs et al. [1996]; in Brazil by Holben et al. [1991],
Kaufman et al. [1992], Ward et al., [1992], Artaxo et al. [1996],
Pereira et al. [1996), Browell et al. [1996]; and in Africa by
Andreae et al. (1994, Anderson et al. [1996], Le Canut et al.
[1996], Maenhaut et al. [1996], Kuhlbusch et al. [1996), Ward et
al. [1996], and Swap et al. [1996]. A network of Sun/sky radi-
ometers has operated in Brazil since 1993 [Holben et al., 1996;
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Kaufman and Holben, 1996; Remer et al., 1996, this issue] in an
effort to characterize the aerosol properties and to develop
methods for remote sensing from space of fires, smoke aerosol,
and their impact on clouds [Kaufiman et al., 1990, 1994, 1998;
Kaufman and Fraser, 1997].

There are many uncertainties in the rates of biomass burn-
ing, its spatial and temporal distributions, the emission of par-
ticles and trace gases, and the atmospheric and radiative pro-
cesses and effects associated with smoke. The horizontal and
vertical heterogeneities in the distribution of smoke, its vari-
ability with time, and the presence of many small sources (see
Plates 1 and 2) increase the difficulty in estimating the rate of
biomass burning and its effects on climate. Recent interest in
the climatic effects of smoke [CA90; Penner et al., 1992; IPCC,
1995; Seinfeld et al., 1996] and the new capability of satellite
instrumentation to measure aerosols and their interactions
with water vapor, clouds, and radiation (POLDER on ADEOS
[Herman et al., 1997a], MODIS on EQS [Kaufman et al., 1997;
Tanré et al., 1997), and MISR on EOS [Martonchik and Diner,
1992; Kahn et al., 1997]) have generated a need for a biomass
burning experiment with emphasis on the physical properties
and processes associated with smoke emissions and ‘their re-
mote sensing. The SCAR-B experiment in Brazil, which was
conceived by American and Brazilian scientists, was designed
to meet this need.

In the remainder of this paper, we first describe the goals of
SCAR-B. We then review previous studies of biomass burning
in Brazil. This is followed by an overview of the SCAR-B
measurement program and some of the main results from
SCAR-B. Comprehensive accounts of specific aspects and
findings of SCAR-B may be found in the papers in this special
issue.

2. Goals of SCAR-B

SCAR-B was a comprehensive experiment to measure the
emissions of trace gases and aerosol particles from biomass
fires in Brazil and their evolution and interactions in the at-
mosphere. Three main goals guided SCAR-B: (1) character-
ization of the effects of emissions from biomass burning on
direct and indirect forcing of solar radiation; (2) evaluation of
the effects of biomass burning on atmospheric chemistry and
radiation; and (3) evaluation of remote sensing techniques
against in situ measurements, in preparation for the launch of
the NASA moderate resolution imaging spectroradiometer
(MODIS) on an Earth Observing System AM-1 satellite in 1999.

Some of the more specific objectives of SCAR-Bwere (1) to
establish the thermal properties of fires, their remote sensing
from space, and the relationship among fire thermal proper-
ties, the emission rates of smoke, and the rate of biomass
consumption; (2) to establish the rates of emissions of trace
gases and particles (including the effective concentration of
black carbon) from biomass burning; (3) to measure the dis-
tribution and evolution of trace gases in the atmosphere; (4) to
measure the optical/radiative properties of smoke, including
scattering and absorption efficiencies, spectral extinction, scat-
tering phase function and single-scattering albedo, the effects
of humidity on smoke aerosol size, and the evolution of these
properties with smoke age; (5) to develop a physical and radi-
ative model of smoke that can be used for remote sensing of
smoke aerosol and for estimating its direct radiative forcing;
(6) to understand the interactions .of smoke particles with
water vapor and clouds; their CCN nucleating efficiency; their
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Plate 1. - Examples of smoke from biomass burning in Brazil during SCAR-B. (a) A small cerrado fire north of
Brasilia. (b) Lines of fire in cerrado northwest of Cuiaba. (c) Regional haze dominated by smoke over Cuiaba. (d)
Cumulus clouds produced by fires near Marab4. Note the banded smoke layers. Photos by Peter V. Hobbs.
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Plate 2. Examples of fires, burn scars, smoke, and clouds observed from the NASA ER-2 aircraft. (Top
panels) MAS and lidar images of the landscape in Northern Matto Grosso, Brazil (11.9°S, 52.5°W), showing
a large fire of dense biomass emitting smoke into a humid atmosphere at 3—4 km with evident cloud formation
(August 23, 1995, at 1910 GMT). The MAS image is composed of the 660 nm channel (blue), the 860 nm
channel (green), and the 1650 nm channel (red). The fire is the red spot in the top right part of the image.
The orange clouds are darker in the 660 and 860 nm channels due to absorption of smoke above them. The
lidar image is the backscattering coefficient measured from the lidar. (Bottom panels) AVIRIS and lidar
images of the landscape in Cuiab4, Brazil (9.9°S, 56.1°W) with a large fire of lower-density biomass emitting
smoke into a drier atmosphere at 2 km (August 25, 1995 at 1500 GMT); no cloud activity is evident. The
AVIRIS image is composed of the 460 nm channel (blue), the 550 nm channel (green), and the 1650 nm

channel (red). The fire is in the bottom left part of the image with red fire strips emitting the smoke and black
burn scars formed between them.
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Table 1. Summary of Field Experiments to Study Smoke From Biomass Burning in Brazil
Experimént Period Main Focus Reference
Brushfire-80 1980 analysis of trace gas and aerosol emissions Crutzen et al. [1985]
from biomass burning in Manaus and
Rondonia
CAMREX (Carbon in 1982-1996 study the carbon and hydrologic cycles Richey et al. [1990]
the Amazon River
Experiment)
ARME (Amazon Region 19831985 Forest-atmosphere micrometeorological

Micrometeorological
Experiment)
ABLE-2A and -2B
(Amazon Boundary
Layer Experiment)

1985 and 1987

large-scale aircraft measurements of trace
gases and aerosol from biomass burning
(ABLE-A), and biogenic emissions

interactions

Harriss et al. [1988,
1990]

(ABLE-B)

FLUAMAZ
(Atmospheric Fluxes in
Amazonia) .

BASE-A and -B

_ (Biomass Burning
Airborne and
Spaceborne
Experiment-Amazon
and Brazil)

ABRACOS (Anglo-
Brazilian Amazonian
Climate Observations
Study)

TRACE-A (Tropical
Atmospheric Chemistry
Experiment-Atlantic)

FLOR-PAST (Land use
Change and Ecosystem
Processes in the
Brazilian Amazon
Basin)

MACOE (Manaus
Carbon Observation
Experiment)

SCAR-B (Smoke, Clouds,
and Radiation—Brazil)

1989 and 1990

1990-1996

1992

19921994

1995

emission ratios of trace gases and aerosol
particles and their optical properties for
calibration of spaceborne estimates of
the emissions from biomass burning

CO, water, and energy fluxes between the
forest and the atmosphere over pasture
and primary rain forest

atmospheric exchange and formation of
ozone from biomass burning emissions
in the South Atlantic Ocean

dynamics of the atmospheric boundary
layer over deforested areas in Rondonia

CO, fluxes in a forested area

characterization of fires, emissions of trace -
gases and aerosol, their evolution, and

water and energy balances for western
Amazonia

Kaufman et al. [1992];
Ward et al. [1992]

Gash et al. [1996]

Fishman et al. [1996]

Grace et al. [1995]

this issue

interactions in the atmosphere with
clouds and radiation

BIONTE (Experiment on 1996
Biomass and Nutrients
in Terra-Firme Forests

in Central Amazonia)

nutrient cycles and biomass in “terra-
firme” forests looking at sustainable
development strategies

Melio-Ivo et al. [1996]

effects on cloud microphysics, cloud reflectance and indirect
forcing of climate; and, cloud effects on smoke aerosol size
distributions, concentrations, and properties; and (7) to estab-
lish the effects of biomass burning on surface reflective prop-
erties, albedo, and their remote sensing from space in the
presence of smoke.

3. Previous Experiments in Brazil

SCAR-B follows a series of 10 field campaigns on biomass
burning and biogenic emissions conducted in Brazil, between
1980 and 1994, and the monitoring of various atmospheric
constituents from ground sites. Table 1 summarizes the main
objectives of these experiments. The shifting interest from
emissions of trace gases and tropospheric chemistry to include
the emission of smoke particles and their radiative effects was
already reflected in some of the measurements in ABLE-2A
[Andreae et al., 1988], it was one of the main objectives of the
BASE and TRACE experiments, and it is reflected in the types
of measurements obtained in SCAR-B. In the last decade,

long-term continuous ground-based measurements have also
been conducted in Brazil of aerosol concentration and com-
position, black carbon concentration, and trace gases and
ozone concentrations [Artaxo et al., 1994, this issue; Kirchhoff,
1988, 1996]. Continuous monitoring of fires from satellites is
also available [Setzer and Pereira, 1991].

4. Interannual Variability of Biomass Burning
in Brazil

The rate of biomass burning in Brazil, and therefore the
amounts of trace gases and aerosols emitted, changes from
year to year. Meteorological conditions affect the area of the
forests and grass lands that burn each year and the fraction of
the biomass consumed in the fire. It is also affected by many
social factors. In this section, we discuss various measures of
the interannual variability of biomass burning in Brazil and the
rates of emissions and formation of pollutants in the atmo-
sphere from this source. This will help put the 1995 SCAR-B
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Figure 1. Biomass burning in Brazil from 1991 to 1995 by

state (see key) as represented by the AVHRR fire count. The
data were collected and processed by INPE. Because of dif-
ferences in AVHRR instrumentation and observation time in
1994 and 1995 the afternoon and morning satellites were used
at the beginning and end of the dry season, respectively. The
change in the detection of fire rate between the two orbits was
compared in August and corrected (from INPE reports).

measurements into perspective in terms of the longer-term
biomass burning record in South America.

4.1.

The advanced very high resolution radiometer (AVHRR)
aboard the NOAA satellite can provide daily data on the
number of fires in Brazil. The fires are identified in the
AVHRR 3750 nm channel [Setzer and Pereira, 1991]. The total
number of fire pixels for different Brazilian states are summa-
rized in Figure 1. One complication in this multiyear compar-
ison is that different instruments and different satellites have
been used. Until August 14, 1995, the afternoon NOAA 14
satellite was used, whereas from August 15 to the end of the
burning season in 1995, the morning NOAA 12 satellite was
used. A similar procedure was adopted to detect fires in 1994
from two NOAA satellites, but the afternoon NOAA 11 was
used first, which was then replaced by the morning NOAA 10.
Switching between satellites was dictated by the change in the
diurnal passing time of the afternoon satellites, which affected
the reflection of sunlight at 3700 nm and the ability to observe
the fires. The rate of fire detection from both sensors was
compared for the August period and used to recalculate the
fire rate. The recalculated fire count is shown in Figure 1.
Figure 1 shows that the fire activity in 1995 was in the upper
range of fire activity and biomass burning for other years.

Fires

4.2. Deforestation

Deforestation accounts for a major part of biomass burning
in Brazil [Skole and Tucker, 1993]. Figure. 2 shows the rate of
deforestation in Brazil, based on analysis of Landsat images by
the Ministry of Science and Technology, Brazil. For the period
19781988 the average estimate of deforestation is plotted.
The rate of deforestation in the 1990s is lower than in the
1980s. However, in 1995 the rate of deforestation was double
that in previous years and in 1996.
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4.3. Emissions of Smoke Particles, Black Carbon
and Ozone Formation .

During the 1990s, long-term, ground-based monitoring of

the emission of trace gases and aerosols from biomass burning

was conducted by INPE and the University of S3o Paulo
[Kirchhoff, 1988; Artaxo et al., 1988, 1994]. The concentrations
of fine and coarse mode particles (under and above 2 um
diameter, respectively) and the equivalent concentrations of
black carbon, as derived from absorption measurements, are
shown in Figure 3 [4rtaxo et al., 1988, 1990, 1994, 1997]. The
concentration of smoke particles was high in Alta Floresta in
1995, probably due to enhanced deforestation, but lower in
Cuiabd. The black carbon fraction was higher in Cuiab4 than in
Alta Floresta.

Ozone is a by-product of biomass burning and depends in
complex ways on the concentrations of CO, hydrocarbons,
NO,, and the availability of sunlight. Ground-based ozone
measurements were made at two sites: Natal, on the eastern
corner of northern Brazil, upwind from South American bio-
mass burning, and in air that enters Brazil; and Cuiabd in the
center of the cerrado region where smoke concentrations are
high due to transport from the north and northeast as well as
from local sources [Kirchhoff, 1996]. The difference between
the diurnal cycle of ground-based ozone at these two sites,
shown from 1990 to 1995 in Figure 4, is a clear indication of the
effect of biomass burning on daily ozone production. As in the

_case of the fire count, or the concentration of smoke particles

and black carbon in Cuiabd (Figures 1 and 3), the ozone
concentrations show that 1995 was in the upper range for
biomass burning, similar to 1993 and 1994. In 1992, the year of
the TRACE-A experiment, the rainy season arrived earlier.
1992 also had a relatively low fire count (Figure 1) and was a
minimal year for smoke and black carbon both in Cuiab4 and
Alta Floresta. Higher ozone and NO, concentrations at higher
altitudes were detected during the TRACE-A experiment in
Natal (not shown) as compared to SCAR-B. These higher
concentrations are due to long-range transport from Africa
and South America and enhancement by lightning [e.g., Pick-

30—
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Figure 2. Rate of deforestation in km?/yr (from INPE/MCT,
Ministry of Science and Technology, Brazil). The dashed line
between 1979 and 1988 indicates a multiyear. average. Note
that the reported value for the additional deforestation be-
tween two consecutive years (e.g., 1990 and 1991) is plotted for
the later year (e.g., 1991). The deforestation during 1995 was
significantly larger than during the other years.

1990 1995
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Figure 3. Ground-based measurements of the concentrations of smoke particles (top panels) and equivalent
black carbon concentration derived from absorption measurements (bottom panels). The particle concentra-
tion (ug m™>) is shown in gray for the fine particle mode (diameter <2 pm) and in black for the coarse mode
(diameter >2 pm). The results for Cuiabé (326 samples), representing cerrado and agricultural fires, collected
from 24 July 1990 to 2 September 1996, are shown on the left. The results for Alta Floresta (353 samples),
representing deforestation and regrowth fires, are given on the right for the period from August 23, 1992 to
October 25, 1996. The concentrations of black carbon were derived from light absorption measurements.

ering et al., 1996; Thompson et al., 1996; Kirchhoff and Alvald,
1996].

4.4. Regional Smoke

Measurements from the Nimbus 7 TOMS instrument can be
used to estimate the regional rate of emission of aerosol par-
ticles from biomass burning in the Amazon Basin and cerrado.
The TOMS instrument measures the effect of aerosol absorp-
tion on the scattering of solar ultraviolet radiation from the
Earth’s atmosphere. Smoke aerosol absorbs ultraviolet radia-
tion, which has a stronger effect on the TOMS 340 nm channel
than on the 380 nm channel. This differential absorption is
used to derive the aerosol index [Herman et al., 1997b]. The
differential absorption and the 380 nm radiance can be used to
retrieve the aerosol optical thickness (AOT) at 380 nm, 7y,
[Hsu et al., 1996; Torres et al., 1998; Gleason et al., this issue].
The AOT retrieval is dependent on aerosol model assumptions
and the aerosol scale height. The analysis of the TOMS data is
particularly important due to its long-term data record, which
was recently integrated and intercalibrated [Herman et al.,
1997b]. The area of the Brazilian cerrado and forest covered by
smoke is shown in Figure 5 for four thresholds of the smoke
optical thickness. Similar smoke aerial coverage data for 1978

through 1995, using multiple satellites, is shown by Gleason et
al. [this issue]. The integrated smoke loading (given by the
product of the smoke area covered by a given smoke optical
thickness) is also plotted. The smoke loading varies from year
to year by more than 50%. Comparison with the fire count
from AVHRR (Figure 1) shows that 1992 had less smoke and
fewer fires than 1991, Comparison with the ozone production
shown.in Figure 4 confirms that 1991 had a stronger biomass
burning signal.

4.5. Summary of Interannual Variability

The measures of deforestation, fire frequency, and concen-
tration of emissions, shown in Figures 1-5, provide an overall
picture of the interannual variability of biomass burning in
Brazil. On the basis of these indicators, it is clear that biomass
burning in 1995 was relatively high (see Figures 1, 3, and 4). In
particular, the rate of deforestation was large in 1995. An
additional common feature shown by these features is the
lower rate of biomass burning in 1992,

5. Meteorological Conditions in SCAR-B

A meteorological operations center was set up at the Bra-
zilian office of IBAMA (Instituto Brasileiro do Meio Ambiente



31,790

Comparison for September Cuiabé (16 S, 56 W) x Natal (6 S, 35 W)

'86 TTTTT T T 1T
1990

LIS I L O
1992

TTTTTTTTTTT
181

R T

<N
=3
L L B B

Cuiabd

Cuiabd

Lef o bty

Lot bl

I'I!Illlll‘
H>

Cuiabg
40 __\/\—A
30
Ao "

T

Codetibebadn] S PR I T VI

T ' T | T [ T I T ' T
1993
Cuiabd

Ozone Concentration (ppbv)
o
o

Natal ]

el b Ll

PN PO S PO N s {
8 12 16 20 24

]
4 8 12 16 20 24 0 4
Local Hour

[ T P e
8 12 16 20 24 0

Figure 4. Time evolution of surface ozone concentrations
measured at Cuiabé (16°S, 56°W), in the middle of the biomass
burning area, and Natal (6°S, 35°W), on the northeastern At-
lantic Coast of Brazil. Natal receives air from the east and is
therefore not directly affected by smoke from biomass burning.
The measurements are for the month of September. A clear
tendency for increasing ozone concentration due to biomass
burning can be seen (from Kirchhoff [1996]).

e dos Recursos Naturais) to guide the SCAR-B field opera-
tions. Data from the INPE meteorological center, Centro de
Previsao de Tempo e Estudos Climaticos (CPTEC), and
GOES 8 satellite data analyzed for smoke, clouds, and fire
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Figure 5. Long-term smoke measurements from TOMS.

The gray bars show the area covered by smoke with TOMS-
detected aerosol optical thickness (AOT) at a wavelength of
340 nm exceeding a given threshold (shown in the legend). The
term “effective” is used for AOT since the measurements de-
pend on assumptions concerning aerosol absorption and ver-
tical profile. The area is used to calculate the total smoke load
index (in units of km? sum of the products of the effective
AOT and the corresponding area covered by it) and is shown
by the symbols for each year. The data are detected in an
L-shaped box between 40° and 70°W and 2°N and 30°S (see
Gleason et al. [this issue] for more details).
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Figure 6. Time-averaged 700 mbar wind field for the
SCAR-B period (August 16 to September 10, 1995), derived
from four daily (0000, 0600, 1200, and 1800 UTC) National
Centers for Environmental Prediction (NCEP) global reanal-
yses. '

distribution were obtained electronically and displayed in the
SCAR-B operations center in IBAMA. Meteorological fore-
casts were based on the numerical weather prediction models
of CPTEC and the medium-range forecast and aviation models
from the U.S. National Center for Environmental Prediction
(NCEP). Detailed meteorological information from the INPE
meteorological center, CPTEC, and the location and transport
of smoke from the GOES satellite images was monitored con-
tinuously and used to aid decision making on deployment of
the aircraft [Prins et al., this issue; Nobre et al., this issue].

Average streamlines over South America during the August-
September 1995 time frame of SCAR-B are shown.in Figure 6.
The meteorological conditions are described in detail by Nobre
et al. [this issue] and summarized below. The large-scale sys-
tems responsible for the climate in the region covered by
SCAR-B are the Intertropical Convergence Zone (ITCZ) in
the north, frontal systems (FS) pushing up from the south, and
the South Atlantic subtropical high (SASH) off the east coast
of Brazil. In the southern hemisphere winter the ITCZ gener-
ally migrates northward, reducing large-scale convective rain-
fall. The FS reach their lowest latitudes in South America
during this season; however, they bring cold surges without
convective activity. The combination of these two factors cre-
ates a typically dry region over most of Brazil during the south-
ern hemisphere winter, called the “dry season.”

During the dry season, the SASH drifts back toward the
continent from its wet season location in the mid-Atlantic (see
Figure 6 for the conditions in the dry season). Together with
the presence of the Andes, the SASH generates the air circu-
lation shown in Figure 6. East winds dominate the northern
parts of the SCAR-B area. The western part has northern
winds with lower speeds, higher temperatures, and lower pres-
sure. The anticyclonic circulation persists throughout the lower
troposphere to an altitude of 5 km, causing long periods of
little cloudiness. This system was dominant during SCAR-B,
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blocking and diverting the FS at lower latitudes toward the
ocean. The anticyclonic pattern creates high-level subsidence
that decreases humidity and results in stagnant conditions con-
ducive to the formation of hazes in the boundary layer. During
August and the first half of September 1995 a strong SASH
generated higher temperature and lower humidity than usual,
which virtually eliminated convective activity in the central
area of the cerrado. The result was a very dry season and high
incidences of fires and smoke, as evident in Figures 2 and 4.
After the termination of SCAR-B on 15 September the SASH
weakened and cloudiness increased.

Trajectory analyses are shown in Plate 3. Forward trajecto-
ries (Plate 3a) show mostly stagnant conditions that initially
kept the smoke close to the source regions but then eventually
transported the smoke from the major biomass burning re-
gions following the anticyclonic flow. Cuiabd, where many of
the SCAR-B measurements took place, received smoke from
the north and northeast and maritime and urban air from the
southeast and southwest (Plate 3b). The origin of the air mass
up to 800 mbar over the central cerrado area was predomi-
nantly from the east but with occasional bursts from the north-
ern and even southern quadrants [Freitas et al., 1996; Longo et
al., 1998]. There is an apparent contradiction between the
trajectory analysis, which shows transport over the Atlantic,
and the analysis of AVHRR data for aerosol over the ocean,
which does not show this transport [Husar et al., 1997]. This is
due to the association of the transport of the smoke with heavy
clouds. Analysis of GOME data (Plate 3) during the SCAR-B
experiment (GOME observes smoke in a similar fashion to
TOMS) shows substantial transport of smoke to the Atlantic
Ocean. The analysis of the GOME ultraviolet data is less
sensitive to the presence of clouds and shows, in this case, 10%
of the smoke present over the ocean. Analysis of smoke oc-
currence in GOES images during the dry season of June to
October 1995 [Prins et al., this issue] shows that the smoke
presence over the Atlantic Ocean south of 20°S is 15-20% of
that over South America. The smoke presence is calculated as
a summation of the area covered by smoke throughout the 5
month period. Note that because of the larger cloud cover and
higher speed of transport over the ocean, the actual fraction of
the smoke exiting from South America to the Atlantic can be
higher. Chemical analysis of air samples over the Atlantic
Ocean during TRACE-A in 1992 confirm the influence of
smoke from biomass burning in South America and from Af-
rica [Gregory et al., 1996]. In 1992 there was a vertical separa-
tion between the smoke from South America, which was car-
ried aloft by strong convection, and the smoke advected from
Africa, which was located below [Browell et al., 1996].

6. Overview of SCAR-B Measurements Program

The main instruments and platforms used in SCAR-B were
(1) the NASA ER-2 high-altitude aircraft, which provided mul-
tispectral imagery and vertical profiles of clouds and aerosol;
these measurements were used to derive fire thermal proper-
ties, burn scars, aerosol concentrations, cloud reflectance,
cloud microphysics, temperature and spectral reflective prop-
erties of the surface, and locations of smoke and cloud layers
in the vertical; the ER-2 aircraft conducted 11 flights between
August 16 and September 11, 1995; (2) airborne in situ mea-
surements and sampling of aerosol particles, trace gases, and
clouds from the University of Washington C-131A research
aircraft; measurements included emission factors, the chemi-
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cal, physical, and optical properties of the aerosol (including
the concentration and absorption by black carbon), trace gases,
and profiles of the aerosol optical thickness; spectral bidirec-
tional reflectances of various types of surfaces were measured
by a scanning, multispectral radiometer to infer hemispherical
albedo and to study the correlation of spectral reflectance
between the visible and the shortwave-infrared wavelengths
[Tsay et al., this issue]. The C-131A aircraft conducted 29
flights in Brazil between August 17 and September 20, 1995
[Hobbs, 1996]; (3) airborne in situ measurements and sampling
of aerosol particles and selected trace gases by the INPE Ban-
deirante aircraft; (4) ground-based remote sensing of aerosol
from the Aerosol Robotic Network (AERONET). These au-
tonomous Sun photometers provide solar spectral measure-
ments every 15 min that can be used to derive spectral aerosol
optical thickness and total precipitable water vapor; once an
hour, AERONET provides the spectral sky radiance used to
derive aerosol size distributions and estimates of the refractive
index of the aerosol and solar absorption by the aerosol; these
instruments were operated in Brazil from 1993 to 1995. (5)
ground-based in situ measurements at Cuiab4, Alta Floresta,
and Natal of the downward spectral radiation field as well as
smoke aerosol properties, including size distributions, CCN
concentrations, and elemental composition; ground survey
measurements of vegetation properties, their spectral and an-
gular reflectance, biomass fuel before and after fires, and fire
development; (6) ozonesondes were launched from Cuiaba;
and (7) satellite imagery (GOES and AVHRR) were collected
to guide the field operations by showing the locations of fires
and smoke, for comparisons with the aircraft measurements,
and to represent the whole diurnal cycle. ‘

The location of the aircraft on eight representative days of
SCAR-B are shown in Plate 4 against a background of the
GOES satellite imagery. While the fast-flying ER-2 was able to
cover large areas of the cerrado and forest regions on every
flight, the C-131A operated successively in several locations
obtaining detailed in situ measurements, and shifting its oper-
ation center clockwise across the cerrado and Amazon Basin,
from Brasilia at the beginning of the experiment (Plate 4a) to
Cuiabd (Plates 4b through 4e), Porto Velho (Plate 4f through
4h), and eventually to Marabd (see Figure 7) after the ER-2
left Brazil. Figure 7 shows the ground-based stations with the
AERONET Sun/sky radiometers and the ground-based sam-
pling of aerosol and trace gases.

6.1. NASA ER-2 Aircraft

Between August 16 and September 11, 1995, the NASA
ER-2 aircraft conducted 11 research flights in Brazil as part of
the SCAR-B campaign. With its stability, long range (speed of
750 km h™"), and high altitude (20 km), it is an excellent
platform to simulate satellite observations of the Earth surface
and atmosphere. During SCAR-B the ER-2 was equipped with
a cross-track scanning spectrometer (MODIS airborne simu-
lator (MAS)), a hyperspectral imager (airborne visible/infrared
imaging spectrometer (AVIRIS)), a downward looking lidar
(cloud lidar system (CLS)), and a visible video camera (VIS
camera) system. .

The MAS is used for measuring reflected solar and emitted
thermal radiation in 50 narrowband channels between 550 and
14200 nm [King et al., 1996]. The instrument provides multi-
spectral images of outgoing radiation for the remote sensing of
cloud, aerosol, water vapor, and surface properties (see Plate
2). It scans perpendicular to the aircraft flight track with a scan
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Plate 3. Hourly air parcel locations along (a) 6 day forward trajectories originating from the main biomass
burning areas and (b) along 6 day backward trajectories starting from a cluster of points near Cuiabé (16°S,
>56°W). Starting levels are ~700 mbar. The trajectory starting points in Plate 3a are distributed according to
the main biomass burning areas observed during the experiment from the GOES-8 fire product [Prins et al.,
this issue]. The trajectories are three-dimensional cinematic calculated from the University of Sao Paulo
model [Freitas et al., 1996] using simulated wind fields with 80 km resolution. (c) Example of GOME data from
September 6 to 8, 1995, during the SCAR-B experiment showing the transport of smoke to the Atlantic Ocean.
Heavy clouds associated with the transport reduce the ability of satellites to observe it. In this case, 10% of
the smoke detected by GOME is over the ocean.



KAUFMAN ET AL.: SCAR-B EXPERIMENT

a) 1995} S - by 25 AUG 1995 R Ee
—c g -1145 urc N

70 60 W

£) D4 SEP 1395 (4
1145 UTC

70 W 60 Wi B0 vl

NASA ER-2 i University of Washington C-131A
& INPE Bandeirante + NASA/GSFC Sun Photometers

» GOES-8 ABBA Fire Product (1745 UTC), UW-Madison/CIMSS

Plate 4. Locations of the SCAR-B aircraft on eight representative days against a background of the GOES
satellite images. The GOES data show the distribution of fires (red dots), clouds (white choppy stains), and
smoke (light gray smooth features). Ground not covered by smoke appears dark gray. The ER-2 was able to
cover cerrado and forest regions on most of the flights; the C-131A operated in several locations moving from
Brasilia at the beginning of the experiment (a) to Cuiabd (b-e), then to Porto Velho (f-h), and finally to
Maraba. The locations of the AERONET Sun/sky radiometers are also shown by the blue crosses.
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Location of the AERONET
sun/sky radiometers

Location of the ground-based
long term aerosol sampling

Location of trace gas
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Figure 7. Location of the ground-based measurements. (squares) Location of the AERONET Sun/sky
radiometers, (diamonds) location of the ground-based long-term aerosol sampling, (stars) location of trace gas

measurements.

angle of *£43° about nadir, spatial resolution of 50 m at nadir,
and a 37 km swath width. Radiometric calibration of the short-

wave (<2500 nm) channels is obtained by observing laborato-

ry-standard integrating sphere sources on the ground before
and after flights; calibration of the infrared channels is per-
formed by viewing two onboard blackbody sources.

The AVIRIS is used to acquire reflected solar radiation in
224 narrow (10 nm width) contiguous spectral bands from 400
to 2500 nm [Vane et al., 1993]. It is a whisk-broom imager,
consisting of four spectrometers and linear array detectors,
with a spatial resolution of 20 m at nadir and a 10 km swath
width. Spectral and radiometric calibrations of the AVIRIS are
performed yearly in the laboratory, while in-flight calibrations
are conducted before, during, and after each flight season. The
recently modified onboard calibrator is expected to achieve 1%
stability in radiometric calibration. An AVIRIS image from
SCAR-B is also shown in Plate 2.

The CLS is a nadir-viewing monostatic lidar [Spinhirne et al.,
1982]. It uses a pulse Nd:YAG laser, transmitting at 532 and
1064 nm with 20 m horizontal resolution. The highest attain-
able vertical sampling resolution is 7.5 m. This allows construc-
tion of detailed cloud and boundary layer aerosol topography
and vertical structure (see Plate 2).

During SCAR-B, the ER-2 collected some 69 hours of MAS
and CLS data and 11 hours of AVIRIS data. These data sets,
taken together, constitute a rich source of information on
smoke, clouds, and radiation in Brazil during the biomass
burning season of 1995.

6.2. University of Washington Convair C-131A Aircraft

The University of Washington (UW) C-131A research- air-
craft flew 29 research flights (~90 flight hours) in SCAR-B

between August 17 and September 20, 1995. The flights ranged
in location from ~16°S to 3°S and from ~64°W to 48°W, which
covers the main cerrado and forested areas of Brazil (see
examples in Plate 4). v

The primary objectives of the C-131A flights were to collect
data needed to determine the emission factors of gases and
particles, the nature of the gases and particles emitted by
various types of fire, the optical and radiative properties of the
regional smoke and various types of surfaces, direct and indi-
rect radiative forcing by the smoke, the evolution of smoke
properties from local to regional scales, in situ measurements
for comparison with remote sensing measurements from the
AERONET, the ER-2 aircraft and satellites, and measure-
ments of the spectral bidirectional reflectance function of a
wide variety of surfaces in Brazil.

To achieve these goals, the C-131A carried comprehensive
instrumentation for measuring the nature and concentrations
of gases and aerosols, and surface radiative properties mea-
sured by the cloud absorption radiometer (CAR). The CAR,
which is mounted on the nose of C-131A, contains 13 narrow-
band spectral channels between 300 and 2300 nm with a 190°
scan aperture (5° before zenith to 5° past nadir) and 1° instan-
taneous field of view [King et al., 1986]. The bidirectional re-
flectance is obtained by flying a clockwise circular orbit above
the surface, resulting in a ground track approximately 3 km in
diameter within about 2 min [Tsay ef al., this issue]. A complete
listing of the instrumentation on the C-131A and the types of
data obtained in SCAR-B are given by Hobbs [1996]. The main
data collected on the C-131A during SCAR-B were (1) aerosol
and gas (NO, NO,, SO,, CO, CO,, O;, and hydrocarbons)
measurements on smoke from 16 cerrado and grass fires and
16 forest and/or slash fires; (2) twenty-three samples for emis-
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sion factors for particulates, NO, NO,, SO,, CO, CO,, and
total volatile organic compounds (VOCs); (3) four thousand
measurements of aerosol size distributions in regional haze
and plumes; (4) measurements of volatility of aerosols (at
=320°C); (5) seventy measurements of humidification factor of
aerosols from individual fires and in regional haze; (6) exten-
sive effective black carbon measurements by four techniques
(optical extinction cell (OEC), aethelometer, Teflon filters,
and thermal-optical; on 26 occasions, simultaneous measure-
ments were obtained using all four techniques; (7) one hun-
dred and 30 measurements of single-scattering albedo of
smoke from individual fires and in regional haze; (8) smoke-
cloud interaction studies; (9) seven direct aerosol “closure”
experiments over ground-based Sun photometers; (10) six co-
ordinated flights with ER-2 aircraft (plus three other “cross-
ings”); (11) four flights during satellite overpasses (AVHRR
and Landsat); (12) and seven dedicated surface and smoke
reflectivity measurements.

6.3. INPE Bandeirante Aircraft

The INPE Bandeirante aircraft flew from mid-August to
mid-September 1995. In the first two weeks it concentrated on
measurements of the spatial and vertical variability of trace
gases and ozone. In the last two weeks it was equipped with
aerosol and trace gas sampling devices and a nephelometer to
sample smoke from individual fires and regional smoke haze.
The location of the Bandeirante on some representative days is
shown in Plate 4.

6.4. AERONET

During SCAR-B the AERONET, consisting of 13 autono-
mous Sun/sky radiometers, was deployed in the Amazon and
cerrado regions of Brazil (see Figure 7). The AERONET pro-
vides remote sensing of aerosol loading and properties from
the ground, providing validation of aerosol optical properties
retrieved from the EOS and ADEOS satellite instrumentation
[Holben et al., 1998]. The measurements characterize aerosol
properties through continuous long-termi monitoring at se-
lected sites around the globe.

AERONET instruments measure the direct solar spectral
irradiance and the angular distribution of sky brightness in
cloud-free or low-cloud conditions. The data collected by these
autonomous instruments, which were preprogrammed and
used solar power for enetgy, were transmitted to satellites and
then to NASA GSFC. The data, screened for clouds, were
interpreted into spectral aerosol optical thickness, aerosol size
distribution, phase function, and for some sites, polarization of
sky radiances. The spectral dependence of the optical thickness
was represented by the Angstrom exponent (defined as the
slope of the logarithm of optical thickness as a function of
logarithm of wavelength between 440 and 870 nm). The mea-
surements represent the whole atmospheric column of aerosol.
The total precipitable water vapor was also derived from the

. differential absorption of water vapor at 940 nm relative to 860
nm. Observations were made at 15 min intervals of the direct
Sun in eight spectral wavelengths from 340 to 1020 nm. Mea-
surements of sky radiance (440, 670, 870, and 1020 nm) were
made at hourly intervals in an almucantar (a horizontal plane
containing the Sun) or principal plane (a vertical plane con-
taining the Sun) scanning mode. In the absence of clouds the
almucantar data can be inverted to particle volume size distri-
butions, aerosol optical thickness, and phase function, using a
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fast radiation transfer inversion code [Nakajima et al., 1996;
Holben et al., 1996; Kaufman and Holben, 1996].

6.5. Ground-Based Measurements

In addition to the long-term monitoring of trace gases and
the production of ozone and smoke aerosol discussed in ref-
erence to Figures 1 and 3, measurements were made in
SCAR-B of (1) the meteorological conditions in the boundary
layer and their effects on the dispersion of pollutants (e.g.,
mercury) in the atmosphere [Alvald et al., 1996]; (2) the effects
of biomass burning on vegetation and rutrients [Guild et al.,
this issue; Castro et al., this issue]; (3) the energy budget and
distribution of heat in the boundary layer [Ross and Hobbs, this
issue; T. A. Tarasova et al., unpublished data, 1998], and (4)
ground-based measurements of the cloud conditions, nuclei
spectrum, and emission factors of individual fires and of the
properties of smoke aerosol in regional smoke haze, conducted
with the fire atmospheric sampling system (FASS) and com-
pared with the Bandeirante and C-131A aircraft [Babbitt et al.,
1996]. Smoke aerosol samples collected on filters were used to
determine the elemental compositions and origins of the aero-
sol [P. Artaxo et al., unpublished data, 1998; Martins et al., this
issue (a), (b)].

6.6. Satellite Data

Throughout the 1995 biomass burning season in South
America (June-October) the Cooperative Institute for Mete-
orological Satellite Studies (CIMSS) at the University of Wis-
consin-Madison collected 3 hourly, multispectral (visible, 3900,
10,700, and 12,000 nm) Geostationary Operational Environ-
mental Satellite (GOES 8) imagery to monitor diurnal fire
activity and smoke coverage and transport [Prins and Menzel,
1996]. The study domain included the continent of South
America and the South Atlantic Ocean. In support of
SCAR-B, half hourly GOES 8 data were collected coinciding
with the NASA ER-2 flights. A preliminary version of the
CIMSS GOES 8 automated biomass burning algorithm
(ABBA version 1.0) was operational during SCAR-B and pro-
vided diurnal information on the location of fires and of the
extent and transport of smoke throughout the Amazon Basin
and over the South Atlantic Ocean (for examples, see Plate 4).
GOES 8 imagery, conventional meteorological data, and
GOES 8§ derived fire and smoke products were also made
available daily to SCAR-B scientists, in near-real time as guid-
ance for field program planning.

NOAA 14 advanced very high resolution radiometer
(AVHRR) local area coverage (LAC) data were also collected
during the experiment and used to estimate the spatial and
temporal distribution of fires and smoke during SCAR-B.

7. Overview of SCAR-B Findings
7.1. Fire Properties, Distribution, and Remote Sensing

Fires were detected in SCAR-B using the 20 m resolution
AVIRIS and the 50 m resolution MAS on the ER-2 and from
GOES (with 4 km resolution) and AVHRR (with 1 km reso-
lution) on satellites. While the ER-2 provided periodic mea-
surements of the fires in many spectral bands and with high
spatial resolution (see Plate 2 and Kaufman et al. [this issue]
and King et al. [this issue]), the satellites measured the regional
distribution of fires once a day (AVHRR) or several times a
day (Plate 4 and GOES [Prins et al., this issue]). The spatial
resolution of the images determines the number of fires that
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Figure 8. Histograms of the fire size distribution for four
locations in Brazil sampled by the MAS instrument on the
ER-2 in SCAR-B. Fires are detected using the 3950 nm chan-
nel (fire pixel is detected for apparent temperature at 3950
nm > 335 K). (top) The distribution of number of fires as a
function of the fire size. (bottom) The distribution weighted by
the fire area. All the distributions are normalized to a total
probability of 1.0 (data from Kaufman et al. [this issue]). Note
that the fire size is defined here by the MAS 50 m pixels that
have an average apparent temperature at 3950 nm > 335 K.

can be detected, since most fires have a very small flaming or
smoldering region, much smaller than 1 km?. The fire number
distribution (Figure 8a) shows maximum concentration of fires
of 0.005 km? in size. This is the size of the hot region with
apparent temperature at 3950 nm greater than 335 K based on
MAS observations. Most of these fires cannot be detected by
the 1 or 4 km resolution satellite instruments. However,
weighting the number of fires by their area (Figure 8b), shows
that the bigger fires, which can be observed from satellites,
dominate the fire aerial distribution and therefore the rate of
biomass burning and emissions. Detailed analysis of the fire
detection scheme of the MODIS instrument (1 km resolution)
shows that for the four locations studied, MODIS should de-
tect 25% of the fires, but these fires include 60-85% of the
thermal radiative energy, a measure that is expected to reflect
the rate of biomass burning [Kaufinan et al., this issue]. In a

" previous experiment, we correlated the rate of emission of the
fire radiative energy with the rate of emission of smoke into the
clean environment of the Northwest United States. In
SCAR-B we found a correlation of r = 0.99 between the
integral of the rate of emission of fire radiative energy and the
increase in the size of the burn scar formed by that fire. These
measurements were taken in the cerrado region [Kaufman et
al., this issue]. Therefore MODIS detection of the thermal
energy radiated from the fires should be a good measure of fire
intensity and the rate of biomass burning. Only small, nonsys-
tematic differences between the four locations shown in Figure
8 are observed, despite differences in the vegetation cover.
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The diurnal evolution of fires was measured in a cerrado
region north of Porto National by the ER-2 on September 11.
The results plotted in Figure 9 for four flight segments show an
increase in the fire density, and an increase in the fire size, as
a function of time from noon 1200 (1600 UTC) to 1700. The
diurnal cycle is also detected by the GOES 8 fire products that
include fire location, ecosystem type, estimates of fire size and
temperature at 1145, 1445, 1745, and 2045 UTC each day from
June to October 1995 [Prins et al., this issue]. Throughout
SCAR-B the GOES 8 ABBA detected a strong diurnal cycle in’
fire activity, with a peak burning in the middle of the afternoon
(1745 UTC), in agreement with the ER-2 data and measure-
ments and observations from the Convair C-131A. Plate Sa
provides an example of the fire product at 1745 UTC on Au-
gust 24, 1995, which was one of the peak burning days during
SCAR-B. The figure shows the location of over 4400 fires
detected by GOES 8 on this day. The majority of fires were
concentrated along the perimeter of the Amazon Basin, in the
Brazilian states of Para, Mato Grosso, Amazonas, and Ron-
donia. There is also considerable activity in Bolivia, Paraguay,
and northern Argentina. Large smoke palls were identified in
the GOES 8§ visible imagery- throughout the burning season.
During SCAR-B, smoke coverage extended over a large por-
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Figure 9. Time dependence of the density of fires (top) and
the average area of fires (bottom) measured by the MAS in-
strument on the ER-2 on September 11, 1995, over a cerrado
region north of Porto National, Brazil. The ER-2 returned 6
times to the same four legs of a square box, bounded by
latitude lines of 8.2°S and 9.5°S and longitude lines 49°W and
50.5°W. The local time was 4 hours less than UTC, therefore
the six repeated measurements occurred from noon until 1700
LT. The different symbols correspond to four legs of a box
flown by the ER-2. The straight lines are least square fits to the
data on each leg.
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Plate 5. Example of fire detection from satellites by GOES-8 (4 km resolution 3950 nm channel) and
AVHRR (1 km resolution 3750 nm channel). (a) The GOES-8 fire product at 1745 UTC on August 24, 1995,
one of the peak burning days during SCAR-B, showing the locations of over 4400 fires detected with the
GOES-8 ABBA algorithm. The red markers indicate fires that were processed by the GOES-8 ABBA
providing estimates of subpixel fire size and temperature; yellow indicates saturated fire pixels; and blue
represents cloud-covered fire pixels. (b) NOAA-14 advanced very high resolution radiometer (AVHRR) local
area coverage (LAC). The red dots indicate the fire pixels, and the region enclosed in blue is the area covered
by the NOAA-14 AVHRR for this day between 1707 and 1718 UTC.

tion of the continent east of the Andes Mountains for a period
of several weeks, with transport over the Atlantic Ocean on
many days [Prins et al., this issue].

Fire pixels were also identified from the NOAA 14 AVHRR
1 km resolution data using a series of spectral conditions, and
the results are categorized for major ecosystems within South
America. An example of the AVHRR-derived fire pixels for
24, August 1995, is shown in Plate 5b. The red dots indicate the
fire pixels detected in the enclosed area covered by the NOAA
14 AVHRR for this day between 1707 and 1718 UTC. The fire
activity is mainly in the states of Rondonia, Para, Amazonas,
and Mato Grosso. A total of 3150 fire pixels were detected
from this image, with large smoke palls extending from Ron-
donia and Mato Grosso into Bolivia, Paraguay, and Argentina.
A comparison to the GOES 8 fire detection shows similar fire
patterns along the perimeter of the Amazon in the states of
Maranhao, Tocantins, Para, Mato Grosso, Rondonia, and
Amazonas, although the GOES 8 ABBA shows considerably
more fire activity in Rondonia. The ABBA also shows more
fires in the cerrado/grassland regions of eastern Brazil and in
Paraguay. The AVHRR fire product shows more fire activity
associated with deforestation along the Amazon River and
along the Atlantic Coast in southeast Brazil. The difference in
fire counts for NOAA 14 AVHRR (3150) and GOES 8 (4417)
is due, in part, to a difference in study domains as depicted in
the blue outlines in Plate 5; it also reflects the difference in

observing time, sensing capabilities, and fire detection algo-
rithms. Although the NOAA 14 and GOES 8 observing times
are separated by less than 1 hour in this example, the strong
diurnal cycle in burning may result in significant changes within
this time period.

7.2. Emission Factors

The modified combustion efficiency (MCE) and the emis-
sion factors (EF in g kg™") of trace gases and smoke particles
from individual fires were measured by the FASS system from
a ground-based station in Porto Velho and from the Ban-
deirante aircraft [Babbitt et al., 1996]. They were also measured
aboard the C-131A aircraft [Ferek et al., this issue; Reid and
Hobbs, this issue]. The modified combustion efficiency is de-
fined as :

[CO,]

MCE = {67+ [COy] 1)

The main results are summarized in Table 2. Detailed results
are given in the above referenced papers in this special issue.
While the FASS measurements concentrated on a few fires and
on comparisons between ground-based and aircraft measure-
ments, the measurements made aboard the UW C-131A air-
craft were for a wide variety of vegetation (grass, cerrado,
forest) and in various regions of Brazil.



31,798

Cuiaba

KAUFMAN ET AL.: SCAR-B EXPERIMENT

Brasilia

Alta Floresta

Y —

0S5k

Aerosol Optical Thickness

T LN R A e ) LJSL I e By Ma e Jand Jac aun A e us JL e S S e e

] —t 093 ]
o ju—t904Y 4

1.6 5

Angstrom Exponent

0.5

T T T T YTy

Laiind

Precipitable Water (cm)

1 bkt AN

Aaasasl

<4
PYROU RO WA VOV VU 0N SO W0 ST TAE SR P W W T

0 Lutous AP
1850 200 250 300
Julian Day

350 150 200

250
Julian Day

350150 200 250 300 350
Jullan Day

300

Plate 6. Measurements from the AERONET Sun/sky scanning spectral radiometers at three SCAR-B sites
for 1993-1995. (top row) Aerosol optical thickness at 670 nm. (middle row) Angstrom exponent (slope of the
logarithm of the optical thickness as a function of the logarithm of the wavelength between 440 and 870 nm).
Higher values of the Angstrom exponent correspond to larger contributions of smoke particles. Because of a

failure of the 870 nm filter at Alta Floresta in 1994, the

gstrom exponent for that year was based on 440

and 670 nm combination. (bottom row) Total precipitable water vapor, derived from the differential absorp-
tion of water vapor at 940 nm relative to 860 nm. The dots are daily averages approximately between 0900 and
1500 LST. A smooth curve is drawn through the data for each year. The yellow band in each figure shows the

burning season (July 1 to September 30).

In agreement with ground-based measurements in Brazil
and Africa [Ward et al., 1992, 1996] the C-131A measurements
showed hydrocarbon (HC) emissions to be associated with
smoldering combustion (i.e., low temperature, inefficient com-
bustion). The concentration of total nonmethane hydrocar-

bons (NMHC), as well as individual HC, correlated better with -

CO than with CO,, regardless of vegetation type, in agreement
with Lobart et al. [1991]. For NMHC versus CO the correlation
coefficient () was generally r > 0.90, whereas for NMHC
versus CO,, the correlation was generally » < 0.75. Methane
behaved similarly to the NMHC. The CO concentration is an

indicator of the combustion inefficiency given by (1-MCE) in
Table 2. . :

Halocarbons exhibited a complex emission pattern. Only
methyl bromide, methy! chloride, and methyl iodide appeared
to derive unambiguously from biomass burning, and they cor-
related reasonably well with the MCE (see Table 2). The
negative correlation indicates more efficient emissions in the
smoldering stage, which is identified with a lower MCE.

SO, and NO, behaved opposite to that of the HC, in that
their emission factors increased with increasing combustion
efficiency. Thus the emissions of these gases were associated
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Table 2. Sumrhary of Correlations Between Modified Combustion Efficiency (MCE = [CO,}/[CO,] + [CO}) and Emission
Factors (EF in g/kg) of Trace Gases and Particles and Particles Sizes, Measured From Ground by FASS System [Babbitt et

al.,, 1996] and From C-131A Aircraft [Ferek et al., this issue; Reid and Hobbs, this issue].

Correlation
Coefficient (r)
Parameter With MCE Biomass Type EF/(1 - MCE)
FASS Measurements From Ground and From Bandeirante [Babbitt et al., 1996]
Methane -0.92 pasture ~70
Methane —0.95 to —0.98 primary forest 84
NMHC -0.28 ° pasture 27
NMHC - —0.87 to ~0.91 primary forest 34+9
Smoke fine particles (d < 2.5 um) —0.26 pasture 57
Smoke fine particles (d < 2.5 um) —0.44 primary forest
—0.72 ground-based measurements 13
airborne measurements 40
C-1314 Measurements, [Ferek et al, this issue]

NMHC -0.70 primary forest, cerrado, and 10

pasture
Methyl bromide —0.89 or ~0.66 primary forest, cerrado, and 1.16

pasture
Methyl chloride —0.70 primary forest, cerrado, and

pasture
Methyl iodide ~0.81 primary forest, cerrado, and

pasture
Smoke fine particles (d < 3.5 wm) ~0.49 primary forest, cerrado, and 10

pasture
SO, 0.36 primary forest, cerrado, and

pasture; emission ratio of

: 0.02% per volume

NO, 0.39 primary forest, cerrado, and

pasture; emission ratio of

0.2% per volume

Correlation
Coefficient (r)
Parameter With MCE Properties

Reid and Hobbs [this issue]

Count median diameter 0.83
(CMD) for young smoke
from forest fires

Particle volume median —0.44

diameter (VMD)

Black carbon no correlation

CMD = 0.10 um for MCE = 0.84
CMD = 0.14 pm for MCE = 0.98

VMD for young smoke ~0.26 um, VMD for
older smoke in regional hazes ranged
from 0.28 to 0.35 um

about 6-8% of the emitted particle mass

more with flaming combustion. The NO, to CO, emission ratio
measured on the C-131A was 0.2%. This is just under the range
of 0.3-0.6% measured in Africa [Lacaux et al., 1996]. Higher
NO, emission rates in Africa can be expected due to the higher
combustion efficiencies (95%) of these fires. Lacaux et al.
[1996] found that the NO, emissions are also correlated with
the nitrogen concentrations in the burned biomass.
Measurements from the C-131A aircraft showed that the
particle count median diameter (CMD) was strongly and pos-
itively correlated with the MCE. For young smoke from forest
fires, the CMD varied from 0.10 pm for smoldering condition
(MCE = 0.84) to 0.14 um for flaming condition (MCE =
0.98). The particle volume median diameter (VMD) decreased
slightly with increasing MCE. The VMD correlated well with
the emission factors for particles and unsaturated hydrocar-
bons. The mean value of the VMD for young smoke was ~0.26
um, and for older smoke in regional hazes, it ranged from 0.28
to 0.35 um [Reid and Hobbs, this issue; Reid et al., this issue].
The effective emitted amount of black carbon (BC), derived
from absorption measurements, overall comprised about

6-8% of the emitted particle mass and appeared to vary ran-
domly from fire to fire. Details are given by Ferek et al. [this
issue]. Discussion of the relationship between BC and smoke
absorption is given in section 7.4 below.

7.3. Trace Gas Measurements

Atmospheric trace gases were measured on the INPE Ban-
deirante aircraft, a Brazilian research aircraft described in de-
tail by Kirchhoff and Alvald [1996]. The gases measured were
(1) CO, by an IR nondispersive technique, (2) O; by a UV
photometer, and (3) CH,, N,O and CO collected by grab
samples [Alvald and Kirchhoff, this issue]. A composite of the
CO, results is shown in Figure 10. These results show a con-
siderable dispersion of the data around an average CO, value
of 8 ppmv above the background conditions of 352 ppmv.
Despite the fact that direct biomass burning plumes were
avoided in this survey, clearly biomass burning affected the
regional values of CO,. Note the repeatability of the different
measurements. The enhanced CO, does not vary significantly
with altitude under the strong inversion.
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Figure 10. Vertical profiles of CO,. Altitudes are given in
hPa on the left and in kilometers on the right. Different sym-
bols are used for different flights/locations. The spread of CO,
mixing ratios indicates the spatial variability of its concentra-
tion. The lowest values correspond to the background CO,
concentrations at different altitudes.

Ozonesondes were launched from Cuiab4, and a total of 25
vertical profiles of ozone, relative humidity, and temperature
were obtained during SCAR-B. The tropospheric ozone con-
centration appeared enriched during the period. Average val-
ues ranged from 40 to 90 ppbv; wet season values are typically
around 15 ppbv. A correlation between tropospheric ozone
concentration and aerosol optical thickness in Cuiaba (e.g.,
Figure 11) was observed with two patterns that reflect different
air circulations [Longo et al., 1998]. The increase in ozone
concentration with aerosol optical thickness is an additional
indication of the direct effect of biomass burning on ozone
concentration.

74. Aerosol Properties and Evolution

One of the main objectives of SCAR-B was to obtain com-
prehensive measurements of the properties of the smoke aero-
sol. Remote sensing techniques from ground, aircraft, and
satellites were used in conjunction with in situ measurements.
Long-term monitoring of aerosol properties was conducted in
Cuiabé and Alta Floresta, as indicated in Figure 3. Aerosol
properties and loading were also measured in situ from the
C-131A and Bandeirante aircraft, as well as from a ground-
based site in Cuiaba. They were also monitored by remote
sensing from the ground-based Sun/sky radiometer (AERO-
NET) sites and by spaceborne remote sensors. The C-131A
aircraft also provided comprehensive measurements of the op-
tical and radiative properties of the smoke particles.

74.1. Aerosol retrieval from AERONET. The AERO-
NET sites at Brasilia, Cuiab4, and Alta Floresta have been
instrumented since 1993 for the duration of the dry season,
which typically begins around 1 June (Julian day 152) and lasts
through 1 November (day 305). The data are used here to
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describe the smoke evolution during SCAR-B and to compare
the SCAR-B measurements with previous years. These mea-
surements are not described elsewhere in this issue. -

In Plate 6 the evolution of aerosol optical thickness at 670
nm, Angstrom exponent, and total precipitable water vapor are
shown for these three sites for the three years of observations.
The Angstrom exponent provides a crude measure of the aero-
sol size distribution. A zero value indicates mainly large par-
ticles (e.g., the presence of desert dust); a value of 2 indicates
dominance by small particles (e.g., fine-mode smoke particles).
Brasilia, Cuiab4, and Alta Floresta represent three diverse
measurement locations. Brasilia, a high-elevation cerrado re-
gion, is characterized by a significant conversion of natural
vegetation cover to-agriculture. Cuiab4, a low-elevation cer-
rado region located in an agricultural area, is within 500 km of
forest-to-agricultural conversion to the north and the Pantanal

‘to the South (both noted for dry season burning). Alta Floresta

is located in a region of very active forest conversion to agri-
culture. The AERONET measurements at this site show con-
siderable variation from year to year in the smoke concentra-
tions at midseason and at the onset and termination of the
burning season [Holben et al., 1996]. All sites exhibit an aerosol
optical thickness in the preburning season of 0.10 to 0.15 (high-
er in 1993 due to the presence of stratospheric aerosol from
the eruption of Mount Pinatubo in the Philippines). This
stratospheric aerosol also lowered the Angstrom exponent in
1993, mainly before and after the burning season.

For all three years shown in Plate 6, the interannual vari-
ability of the burning is within the envelope of meteorological
variables that broadly control the burning season (e.g., the
length of drying time and the onset of rains). The precipitable
water and aerosol optical thickness records clearly show that
the majority of emissions occur when the water vapor content
of the atmosphere is increasing. This can potentially affect the
aerosol optical properties during the burning season, although
due to the small humidification factors of the smoke aerosol
found in SCAR-B [Kotchenruther and Hobbs, this issue], we do
not anticipate large effects of humidity on particle size. For
1995 the water vapor content of the atmosphere was lower for
longer periods than in previous years, which likely accounts for
a more intense late burning season and an associated higher
aerosol optical thickness. The optical thickness was higher in
the forest regions (Alta Floresta) than in the cerrado regions
near Brasilia. In Cuiab4, smoke was transported part of the
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Figure 11.  Average ozone concentration (from 1000 to 500
mbar) as function of the aerosol optical thickness, AOT (0.70
wm channel). A split pattern is observed due to a change in the
air circulation pattern.
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time from forest conversion areas to the north of the city,
increasing the optical thickness.

The burning season in Brasilia was relatively weak in 1995,
starting thirty days later than in 1993 and terminating around
30 October (day 310). The Angstrom exponent mirrors the
optical thickness, with an increase from 0.8 to 1.4 from pre-
burning to the burning season. Precipitable water increased
from 1.3 cm (day 240) to 3 cm (day 260), in both 1993 and 1995.
For the first part of the dry season, 1994 shows elevated pre-
cipitable water compared to the other two years.

Cuiaba shows twice as much smoke (optical thickness T, ~
0.9) as Brasilia, due to transport from the north. Here also the
duration of the burning season was shorter in 1995 than in
1993. The Angstrom exponent in the burning season ranged
from 1.6 to 1.8, dropping to 0.9 before and after the burning
season. Precipitable water varied from 2 to 5 cm within 60 days
of the most intense part of the burning season. In 1995 the
increase in precipitable water began 30 days later than in 1993,
All years reached a wet season value for the precipitable water
of 4.6 cm. The effect of a more intense dry season in 1995, and
the higher rate of deforestation, is marginally apparent in
higher late season optical thickness values in 1995 as compared
to 1993.

Alta Floresta has a significantly higher optical thickness than
the cerrado sites, mainly in 1995, due to its proximity to the
burning areas. The Angstrom exponent is accordingly higher
(~2). The onset and duration of the burning season is approx-
imately the same for all years, and similar t6 Cuiabi and
Brasilia. The precipitable water vapor increased from 2.0 to 5.5
cm in each of the three years but more gradually in 1993 than
for the other years.

7.4.2. Aerosol measurements aboard the C-131A. In situ
measurements aboard the C-131A aircraft provided detailed
information on the composition, size distributions, shapes, hu-
midification factors, and optical properties of aerosols in the
smoke from various types of biomass fires and in the aged
smoke that dominated regional hazes in the study areas.

7.4.2.1. Composition: For smoke from individual fires,
inorganic ions and black carbon (BC) together accounted for
only ~15-20% of the mass of the smoke aerosol; the remain-
ing mass is surmised to have been organics. The corresponding
percentage for aerosols in regional hazes dominated by smoke
was ~20-25% [Reid and Hobbs, this issue; Reid et al., this issue
(a), (b)]. Biomass burning aerosol particles dominated the
mass loading, but three other aerosol components were also
observed: soil dust particles, natural biogenic particles, and
NaCl particles. Individual particle analysis as well as multivar-
iate statistical techniques showed similar type of particles [4r-
taxo et al., this issue).

7.42.2. Growth: As the smoke particles aged, the CMD
(count median diameter) increased from about 0.10-0.13 um
diameter in smoke plumes to 0.11-0.18 um diameter in re-
gional hazes. This growth appeared to occur equally between
the first few hours following emission and the next few days.
The Angstrom exponent (for the wavelength range 550-700
nm) was 2.5-2.9 for smoke plumes and 1.8-2.3 for regional
hazes (similar to the AERONET results), which supports a
significant increase in particle size with aging. The growth with
age of the aerosols appeared to depend equally on the avail-
ability of condensates relative to the particle concentrations
and on coagulation. Condensation was mainly onto existing
particles. Changes in the contributions of BC, potassium, and
CO (all conservative traces) to the mass of aerosols indicate
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that aerosol mass increased by ~20~50% during aging. About
75% of this growth was due to the condensation of organic
species and ~25% from ammonium, sulfate, and nitrate.

The growth of the particles with age had a large effect on
their optical properties. The hemispheric backscatter fraction
of the particles decreased from ~0.18 to 0.12, and the single-
scattering albedo of the particles at 550 nm increased from
~0.79 for young smoke to ~0.85 in regional hazes [Reid and
Hobbs, this issue; Reid et al., this issue (a)].

7.4.2.3. Shapes: Since Mie calculations apply strictly only
to spherical particles, it is important to obtain information on
the shapes of the aerosol particles produced by biomass burn-
ing. The paper by Martins et al. [this issue (b)] provides such
information from electron microscopy of individual particles
and from an instrument aboard the C-131A aircraft that pro-
vided continuous measurements of the effect of the asymmetry
of the particles on the light-scattering coefficient. The results
indicate that for optical calculations the smoke particles in
regional hazes dominated by smoke in Brazil can be reasonably
approximated as spherical.

7.4.2.4. Humidification factors (HFs): Kotchenruther and
Hobbs [this issue] define the HF as the light-scattering coeffi-
cient for particles at 80% relative humidity (RH) divided by
the light-scattering of dry particles (40% RH). For smoke in
Brazil, 80% of the measured HF were in the range 1.05-1.35
(compared to a mean value of 2.30 + 0.24 for urban/industrial
aerosol on the U.S. East Coast [Kotchenruther et al., 1998]).
These relatively low values for the HF have an important effect
on direct radiative forcing by smoke [Hobbs et al., 1997; Kotch-
enruther and Hobbs, this issue]. Similar values were found in
the TRACE-A experiment for smoke both from Brazil and
from South Africa (Table 3) [dnderson et al., 1996]. But a
mixture of smoke with industrial sulfate ‘aerosol such as in
South Africa [Maenhaut et al., 1996] may increase the hygro-
scopicity. In the recent Indonesian biomass fires, low refractive
indexes were derived [von Hoyningen-Huene et al., 1998] indi-
cating, indirectly, a higher hygroscopicity of the smoke. In this
case, high-sulfate concentrations were measured due to under-
ground coal that was burning together with the biomass, or due
to industrial emissions (T. Nakajima, personal communication,
1998). :

7.4.2.5. Measurements of black carbon (BC) and short-
wave absorption by smoke aerosol: BC is the major compo-
nent of the atmospheric aerosol that absorbs solar radiation,
and biomass burning is an important source of BC, although
other components of the aerosol can also absorb sunlight.
Unfortunately, measurements of the concentrations of BC in
the atmosphere and measurements of absorption are subject to
many uncertainties. In SCAR-B, five different measurement
techniques were used to measure BC aboard the C-131A. Two
additional methods were applied using ground-based remote
sensing. The results of these comparisons are described by Reid
et al. [this issue]. In brief the correlation between the concen-
trations of BC derived from thermal techniques and optical
absorption was poor. This could be due to uncertainties in
some of the measurements, from the presence of absorbing
“gray” organic material [Novakov et al., 1997], or from mix-
tures of BC with nonabsorbing materials. The various values
derived for the light absorption coefficient (o,) agreed to
within +20%. The in situ measurements show that the single-
scattering albedo (w,) of smoke varied from 0.35 for plumes
from vigorous flaming grass fires to 0.9 for smoldering slash.
The uncertainty in the single-scattering albedo for the plume
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Table 3. Smoke Aerosol Dynamic Model Based on Remer et al. [this issue] Describing Variability of Regional Smoke
Ambient Aerosol Optical and Physical Parameters for Total Vertical Column As Function of Aerosol Loading (Given by

Optical Thickness)

Coarse Particle

Fine Particle Mode Mode
Parameter (d < 2 pm) (d > 2 um) Remark/Reference
Particle volume (um® pm~2) 0.37 (£0.017) 0.8t (*large) Remer et al. [this issue]
r,, = volume mode radius pm) 0.135 = 0.02 10 (*large) Remer et al. [this issue]
0.13-0.17 Reid et al. [this issue]
0.15 (SCAR-B in situ) Artaxo et al. [this issue]
0.13-0.15 (TRACE-A, SAFARI) Anderson et al. [1996]
: Le Canut et al. [1996]
o = standard 0.60 + 0.05 12x03 Remer et al. [this issue]
deviation (s.d.) of In o, 0.4-0.6 SCAR-B in situ [Ross

where
a,, = geometric s.d. of
particle volume distribution

and Hobbs, this issue]

Parameter -

Values of Wavelength A

Remarks/Reference

Single-scattering albedo (w,) A470-670: 0.9

A450: 0.86, A550: 0.83, A700: 0.71 (£0.04)

A440: 0.80, A670: 0.87, A870: 0.88 (+0.06)
broadband (Indonesian 1997 fires) 0.90-0.91
0.90-0.92 model for South America and Africa

Real part of refractive index 1.52-1.60
Asymmetry parameter (g)
~ (+0.06)

Upscatter fraction ()
. (+0.02)

A450: 0.24, A550: 0.25, A700: 0.28 (%0.20)

CCN/r

Mass scattering efficiency (m? g™ 1)

A550: 0.6-0.9
A450-A700: 1.05-1.35

Mass absorption efficiency (m* g™*)
Humidification factor at 80%
relative humidity

1.37-1.55—Indonesian 1997 fires
A440: 0.65, A670: 0,57, A870: 0.49, A1020: 0.45

A440: 0.24, A670: 0.27, A870: 0.31, A1020: 0.32

130 + 40 (um™?) at supersaturation S
170 + 80 (um™?) at supersaturation § =
A440: 6.6, A670: 3.2, A870: 2.1, A1020: 1.6

A450: 4.1-4.9, A550: 2.9-4.1, A700: 1.6-2.4 A600: 4.2

1.37 = 0.14 in Brazil, TRACE-A :
1.14 * 0.02 in South Africa, TRACE-A

Remer et al. [this issue]

Kaufman et al. [1992]

Hobbs et al. [1997]

Reid et al. [this issue (a)]

Dubovik et al. [this issue]

von Hoyningen-Huene et al. [1998]
Liousse et al. [1996]

Yamasoe et al. [this issue]

von Hoyningen-Huene et al. [1998]
Remer et al. [this issue]

Remer et al. [this issue]

Hobbs et al. [1997], Reid et al.

[this issue (a)}]
= 0.3% Remer et al. [this issue]
=1%

Remer et al. [this issue]
Hobbs et al. [1997], Reid et al.

[this issue (a)], Anderson et al. [1996]
Reid et al. [this issue (a)]
Kotchenruther and Hobbs [1998]
Anderson et al. [1996]

The optical thickness 7 is measured at 670 nm. The wavelengths are noted e.g., A44 means A = 440 nm). Comparisons to SCAR-B and
non-SCAR-B in situ measurements are given based on Hobbs et al. [1997] and Reid et al. [1998a, b]; these measurements are for dry aerosol,

Therefore small differences due to humidity are expected.

data was *0.03. For regional hazes, w, varied between 0.8 and
0.9, with an uncertainty of +0.04 to *0.08 for the different
optical methods. Ground-based remote sensing of w, using
irradiance data gave values of 0.8 to 0.92, decreasing with
wavelength, similar to the in situ measurements [Eck et al., this
issue]. Values of w, derived from sky radiances [Dubovik et al.,
this issue] indicate that w, may increase with wavelength from
0.80 at A = 440 nm to 0.88 at 870 nm. Therefore although these
methods agree on an average single-scattering albedo in the
visible wavelengths (A = 440-660 nm) of 0.86 = 0.05, they
disagree at longer wavelengths. The differences could be due
to measurement techniques and differences in the smoke com-
position.

Mass absorption efficiencies for black carbon (a,,.) in
smoke particles were derived using the thermal evolution
[Cachier et al., 1989] and optical absorption techniques [Reid et
al., this issue]. Values of a,, ranged from 5 to 58 m* g™’ (see
Figure 12). The variability of «,,. was modeled for internal
(layered sphere and closely packed clusters) and external mix-

ing between BC and nonabsorbing materials. The calculated
values of a,,. were between 5 and 25 m? g~ ! for the measured
size distributions [Martins et al., this issue (a)}. Measured val-
ues of a,y,. higher than 25 m? g~' were attributed to possible
artifacts in the measurements by the thermal technique due to
a catalytic effect on BC particles caused by certain chemical
compounds. Novakov et al. [1995] suggested that K may have a
catalytic effect on BC, lowering its volatilization temperature.
On the basis of this assumption, a threshold value of K/BC =
0.78 was established for which most of the a,. measurements
could be explained by the assumed models. Figure 12 shows
the measured values of a,,, compared to the modeled values.
On average, for samples with K/BC < 0.78, the value of o, is
12.1 + 4.0 m® g~ [Martins et al., this issue (a)].

7.4.2.6. Closure studies: Data for aerosol column closure
studies (i.e., consistency tests) were obtained by flying the
C-131A in vertical profiles over AERONET Sun photometers
in Brazil under conditions dominated by regional smoke. From
the airborne in situ measurements of the aerosol properties,
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Figure 12. Measured and modeled black carbon (BC) ab-
sorption efficiency (o) at A = 550 nm versus the amount of
BC in the sample determined from thermal analysis. Solid lines
represent the modeled ay, . for three measured particle size
distributions using a layered sphere model with a BC core and
a nonabsorbing shell. The dashed line is the asymptotic limit
for a,,. assuming external mixing and the measured particle
size distributions. The solid circles correspond to samples with
K/BC < 0.78, which are suspected to underestimate the BC
concentration. For the data points for which the symbol size is
equal to or greater than the error bar, the error bar has been
omitted.

o

the optical depths of the smoke layers were computed and
compared with those measured directly by the Sun photome-
ters. Seven such data sets were obtained [Hobbs, 1996]. Optical
depths derived from these two independent methods agreed to
within 30% (J. L. Ross et al., unpublished data, 1998, (here-
inafter referred to as R98)).

R98 also describe internal closure calculations using
SCAR-B data. Particle size distributions measured from the
C-131A aircraft were used as inputs to theoretical calculations
of particle scattering, absorption, and mass concentrations.
The calculated scattering and absorption were compared to
direct measurements of these quantities at several discrete
wavelengths. The calculated values were generally within
~25% of the measurements, with the former generally being
slightly lower. The computations were then applied over the
complete wavelength range of the solar spectrum. Parameter-
izations of the total scattering, scattering asymmetry, and ab-
sorption were derived. These are appropriate for use in radi-
ative forcing calculations of regional smoke in Brazil as well as

-for remote sensing applications. '

Using the parameterizations of the optical properties, radi-
ative transfer theory was used to estimate the instantaneous
and daily average direct radiative forcing of the regional hazes
dominated by smoke in Brazil and their sensitivities to solar
zenith angle, aerosol optical thickness, and surface type [Ross
and Hobbs, this issue]. At point locations the daily average
direct radiative forcing per unit optical depth (at A = 550 nm)
varied from —26 + 6 W m—? (cooling) over a dark surface to
+25 + 12 W m™? (warming) over a reflective surface.

Using SCAR-B data, Ross and Hobbs [this issue] have stud-
ied the effects of solar zenith angle, smoke optical thickness,
and cloud properties on atmospheric heating rates. Daily heat-
ing rates of 3.5 K per day were calculated for a haze layer
3000 m thick with an optical thickness of 1 at a wavelength of
600 nm. Reductions due to regional hazes in Brazil of 30, 43,
and 58% per day per unit optical depth were calculated for the
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total shortwave flux, photosynthetically active radiation, and
total UV radiation, respectively. Similar reductions of irradi-
ance were measured by Eck et al. [this issue].

7.5. Aerosol Radiative Model for Direct Radiative Forcing
and Remote Sensing

7.5.1. Radiative model. The AERONET Sun photometer
measurements from 1993 to 1995 were used to derive a self-
consistent aerosol model that can be used as a basis for remote
sensing of aerosol [Kaufman et al., 1990, 1997] and for esti-
mating the aerosol radiative forcing of climate [Hobbs et al.,
1997]. Remote sensing is limited in its capability to retrieve
aerosol information. For example, inversion of spectral radi-
ances from MODIS, to be launched on the NASA Earth Ob-
serving System in 1999, will include the aerosol optical thick-
ness or mass concentration derived from radiances over dark
land [Kaufiman et al., 1997]. Over the oceans, a two-parameter
aerosol size distribution will also be retrieved [Tanré et al.,
1996, 1997]. Other aerosol optical and physical parameters
have to be assumed, based on dynamic aerosol models [Remer
and Kaufman, 1998] which describe the variability of the aero-
sol size distribution with aerosol loading. To be used for re-
mote sensing, these models have to describe the whole vertical
column and the properties of the ambient aerosol particles,
which are derived from climatology of the AERONET sky data
and compared with in situ properties [Remer et al., 1997; Ross
et al., this issue]. Aerosol models have been developed for
urban/industrial aerosol and, in this issue, for, smoke aerosol
[Remer et al., this issue]. Table 3 summarizes the results and
compares them with in situ measurements. While there is good
agreement between the model based on the AERONET data
and the in situ measurements of the particle size distribution,
the single-scattering albedo (w,) of 0.9 at 660 nm used in the
model is larger than the values measured in situ. Analysis of
the variation of sky data with aerosol optical thickness at a
scattering angle of 120° shows that a lower value of w, (e.g.,
wy = 0.85) does not make a good fit [Remer et al., this issue].

Two new techniques were applied to AERONET sky data to
derive the aerosol real refractive index from the diffuse sky
data at large scattering angles (80°-120°) [Yamasoe et al., this
issue] and to derive the aerosol single-scattering albedo by
comparison of the sky-scattered solar radiation with the extinc-
tion of solar radiation from the direct solar beam [Dubovik et
al., this issue]. The results of these studies are also included in
Table 3. _

7.5.2. Optical properties and direct radiative forcing. To
calculate direct aerosol radiative forcing, values of the follow-
ing optical parameters are needed: mass light-scattering effi-
ciency, the fraction of incident solar radiation backscattered by
the aerosols, the single-scattering albedo, and the humidifica-
tion factor. The University of Washington team used its
C-131A aircraft to obtain extensive measurements of all four of
these parameters for smoke in SCAR-B [Hobbs et al., 1997, .
Reid et al., this issue]. Hobbs et al. [1997] showed that if these
measurements are applied to the simple model used by Penner
et al. [1992], the derived magnitude of the globally averaged
direct radiative forcing due to smoke from bjomass burning
worldwide is only —0.1 to —0.3 W m~2, compared to —0.8 W
m™? estimated by Penner et al. [1992].

7.5.3. Application to remote sensing. Aircraft in situ and
remote sensing measurements are not sufficiently frequent to
document the spatial and temporal variability of aerosol load-
ing, properties, and interactions with water vapor, clouds, and
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Figure 13. Results from ground-based measurements of the aerosol size distribution and CCN spectrum
(after Ji et al., unpublished data, 1998). Time sequence of the ratio of the number of potential CCN (N) to

" the smoke aerosol volume (V') measured in (top left) Cuiab4, Brazil, and (bottom left) in Wallops, Virginia,
during the TARFOX field experiment. N is defined as the number of particles with diameter d = 0.1 um,
Vis the volume of part of the accumulation mode being measured (for d = 0.6 pum). The large change of the
ratio N/V during TARFOX is due to a passage of a cold front that cleaned the air (low volumes) but.generated
a relatively high number of small particles. The critical diameter of particles activated in a given supersatu-
ration (SS), d., is shown in (top right) for Brazil and (bottom right) for TARFOX. The Twomey expression
(d. = 0.0028S~%?) is shown for reference [Twomey, 1977]. '

radiation. Long-term monitoring of the variability of these
quantities requires ground-based and spaceborne monitoring.
However, because of the inherent complexity and assumptions
involved in deriving aerosol properties from spaceborne mea-
surements, precise evaluation of the techniques is required
[e.g., Vermote et al., 1997]. Chu et al. [this issue] applied the
MODIS algorithm to derive the aerosol optical thickness from
the MAS data recorded in SCAR-B over the AERONET Sun
photometers and compared the results with the AERONET
measurements. Using 17 such coincidental measurements, they
concluded that the performance of the algorithm is better than
anticipated, resulting in an error in the retrieved aerosol opti-
cal thickness (A1) of +£0.05 + 0.157. This result was obtained in
spite of inherent errors in the ground-based measurements of
aerosol optical thicknesses of +0.01 to + 0.02 and an uncer-
tainty in the MAS calibration that is larger than the anticipated
uncertainty in the meticulously characterized and calibrated
MODIS instrument [Salomonson et al., 1989]. Application of a
similar remote sensing technique to AVHRR data over Brazil
in 1993 resulted in a similarly good agreement [Vermote et al.,
1997].

7.6. Aerosol Size Distribution, CCN, and Indirect F orcing

The low variability in the size distribution of aged smoke
(i.e., smoke more than about 3 days old) is of significant im-
portance for the estimation of its effect on cloud microstruc-
tures, reflectance, and indirect radiative forcing, and for re-
mote sensing of this forcing [Kaufinan and Fraser, 1997].
Aerosol models used to estimate aerosol forcing are based on

information on source loading, evolution, and sinks of the
aerosol mass (e.g., for sulfates see Kiehl and Briegleb [1993]).
To estimate aerosol indirect forcing, the relationship between
the number of CCN and their volume needs to be established.
For sulfates, very nonlinear relationships have been used
[Boucher and Lohmann, 1995; Jones et al., 1994] due to the
complex competition between gas phase and cloud phase oxi-
dation of SO, into sulfate particles [Langner et al., 1992; Kauf-
man and Tanré, 1994]. For smoke we anticipate the relation-
ship between aerosol volume and CCN concentration to be
more linear. In Cuiabd, Q. Ji et al. (unpublished data, 1998)
measured the aerosol size distribution for D < 0.6 um and the
corresponding CCN spectrum. Similar instrumentation was
used in the Tropospheric Aerosol Radiative Forcing Observa-
tional (TARFOX) experiment in Wallops, Virginia, in 1996 for
urban/industrial aerosol. In Figures 13a and 13b the ratio of
the number of potential CCN, N (particles with diameter >0.1
pm) to aerosol volume V (for diameter <0.6 pm) is plotted as
a function of time for Cuiabd and Wallops, respectively. The
variability of N/V is negatively correlated with I. The variabil-
ity of N/V for the smoke aerosol is much smaller than that of
urban/industrial aerosol. The main variation in N/V for the
urban/industrial aerosol is between the aerosol properties be-
fore and after a passage of a front. The front cleans the atmo-
sphere reducing the aerosol volume while generating the con-
ditions for the formation of new aerosol particles. In Figures
13c¢ and 13d the critical activation diameter d, (i.e., the diam-
eter, in um, of the particle activated by a given supersatura-
tion) is compared for Cuiabid and Wallops. The activation
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diameter is calculated as the threshold diameter above which
the number of particles is equal to the CCN concentration for
the given supersaturation. The spectrum is compared with the
empirical formula given by Twomey [1977):

d, =0.028 §-2 )

where § is the supersaturation given in percent. While for
smoke in Cuiaba the measured values of d. are above the
“Twomey” line, the results for TARFOX are mixed. This is in
agreement with the lower hygroscopicity of smoke compared
to that of urban/industrial aerosol.

The effects of smoke on cloud microphysics and reflectance
have not been studied extensively yet using the SCAR-B data,
.but a previous study using AVHRR images over the same
region in 1987 [Kaufinan and Nakajima, 1993; Kaufman and
Fraser, 1997] showed that acrosol effects on the cloud micro-
physics and reflectance is, on average, similar to the predic-
tions of the Twomey model. This is in agreement with the small
variability of the N/V ratio for smoke.

7.7. Surface Albedo and Surface Cover

Surface albedo is an important parameter in studying the
interaction of solar radiation with the Earth. Anthropogenic
changes in surface cover and its albedo affect the fraction of
solar radiation reflected back to space and therefore constitute
a radiative forcing of climate. The aerosol direct effect de-
pends on the spectral relationship between surface bidirec-
tional reflectance and the aerosol optical properties. The spec-
tral bidirectional reflectance mecasurements by the CAR
radiometer on the University of Washington C-131A aircraft
contain very fine angular resolution (1° in zenith and <2° in
azimuthal angles), and it is straightforward to compute the
integrated hemispherical albedo for various types of surfaces
(e.g., cerrado, dense forest, etc.). Comparing the computed
albedo to the measured nadir reflectance (often used as a
surrogate to the albedo in climate models), the nadir reflec-
tance values underestimate the albedo generally by about 20%,
with few extremes of up to 60%. Thus the analysis of CAR
measurements during SCAR-B show that the estimation of
spectral albedo from nadir reflectance produces large errors
[Tsay et al., this issue]. Remote sensing of the surface cover is
affected by the presence of smoke. Several methods were sug-
gested to overcome this problem. Miura et al. [this issue] uses
AVIRIS data collected simultaneously with aerosol optical
thickness measured from the ground during SCAR-B to com-
pare several methods for remote sensing of the surface cover
through the smoke.

8. Conclusions

The detailed measurements of smoke aerosol composition,
size, and optical properties, reported in this issue, and sum-
marized in Tables 2 and 3, have been used for preliminary
estimates of direct and indirect radiative forcing by smoke
[Hobbs et al., 1997, Kaufman and Fraser, 1997}. The same
parameters were measured or derived using several indepen-
dent techniques. For example, several techniques were used to
derive the aerosol absorption and black carbon concentration
from laboratory analysis of filters, aircraft continuous in situ
monitoring, and remote sensing from ground-based radiome-
ters. More rigorous estimates of these forcings require docu-
mentation of the high spatial and temporal variability of smoke
and its transport and dispersion over the globe. Such docu-
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mentation is one of the objectives of the new satellite systems
(e.g., POLDER on ADEOS, and MODIS and MISR on the
NASA Earth Observing System to be launched in 1999). More
detailed studies are needed of the effects of smoke on the
properties of clouds.

Results from SCAR-B, and previous measurements, have
been used to develop the capability of remote sensing of aero-
sol properties from the ground using Sun photometers. De-
tailed closure studies in SCAR-B have demonstrated general
agreement between in situ and remote sensing measurements
of smoke. The SCAR-B data have also been used to check the
remote sensing of aerosol properties from satellites. Some
understanding of the use of satellites to derive not only aerosol
optical thickness but also aerosol mass loading and CCN con-
centrations has been initiated. New techniques for the use of
satellites to expand remote sensing of fires to include measure-
ments of the fire radiative energy for better quantifications of
emissions were developed.

SCAR-B has continued previous efforts to estimate the
emissions of trace gases and aerosol from fires, to understand
the role of black carbon, and the effects of biomass burning on
tropospheric ozone production.
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