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16 Remote Sensing of Biomass Burning in the Tropics

Y.J. KAUEMANY, A, SETZER?, C. JusTic e, C.). Tucker®, M.C, PEREIRA®
and I, Fung®

16.1 Introduction

Biomass burning in the tropics, a large source of trace gases, has expanded
drastically in the last decade due o increase in the controlled and uncontrolled
deforestation in South America (Setzer et al. 1988; Malingreau and Tucker
1988), and due to an increase in the area of cultivated land with the expansion
ol population in Africa and South America (Seilerand Crutzen 1980; Houghton
ctal. 1987). In the burning process trace gases and particulates are emitted to the
atmosphere, and the ability of the earth to fix CO, is substantially reduced (17%
of the primary productivity occurs in the humid tropical [orests — Atjay et al.
1979; Mooney et al, 1987), and as a result has a strong contribution to the
anticipated climate change (Houghton and Woodwell 1989).

In the Amazon, as an example, a common practice associated with forest
clearing and land management is the burning of the existing vegetation cover.
Although these burnings occur in large numbers every year and have adverse
effects on the environment, no estimates have been made to evaluate the
magnitude of the problent. No official statistics exist for the extent of burning,
and legal procedures to restrict or obtain authorization to burn the vegetation
are seldom followed. Considering that the burning occurs in an area of many
million square kilometers with poorroad access, and that federal and state forest
services are not suited to survey the [orest, orbital sensing becomes the only
practical technique to monitor the Amazon forest on a regular basis
(Malingreau and Tucker 1988; Setzer and Pereira 1989; Kaufman et al. 1990).

Anexample of satellite-derived rate of deforestation isgivenin Fig. | for the
state of Rondonia. Brazil (this figure is an expansion of the work of Malingreau
and Tucker 1988). The deforestation in 1982 (see Fig. la) was much smaller than
in 1987 (also in Fig. 1a). The rate of deforestation (per year) is shown in Fig. 1b.
Although delayed in Rondonia, similar deforestation trends are found in other
parts of the Amazon Basin (Setzer et al. [988).

'"NASA Goddard Space Flight Center, Gireenhelt, Maryland 20771, also at University of Maryland.
College Park. Maryland 20742, USA

‘National Institute of Space Research (INPE). 12.201 Sao José dos Campos. Sac Paulo, Brazil
"NASA Goddard Space Flight Center. Greenbelt, Maryland 20771, also at University of Maryland.
College Park, Maryland 20771, USA '

‘WASA Goddard Space Flight Center, Greenbelt, Maryland 20771, USA

"NASA Goddard Space Tlight Center, Goddard [nstitute for Space Studies, New York, N.Y.
10025, USA




Y. Kaufman et al.

Fig. 1. Rate of deforestation (per year) in the state of Rondonia, Brazil. a Deforestation in 1982 and

1987, shown by the response in AVHRR channel 3 (3.7 pm). b Accumulated deforestation




Remote Sensing of Blomass Burming in the Tropics 373

40 | /l B
ROMNDONIA, BRAZIL 1 )

(243,000 km?)

30( -

DEFORESTATION (1000 km?)

20 | =
I

10 r 4

/.’/. NASA/GSFC/GIMMS 1

0f g——""9" =

L i " ) S R S T ) L L " " 1
1970 1974 1978 1982 1986 1990
Fig. 1b, b YEAR

The rationale for the study of biomass burning is linked to the need of the
Global Tropospheric Chemistry program (GTC 1986) to understand the
sources and sinks of the atmospheric trace gases and their variations in the
atmosphere. The importance of the trace gases other than CO, (e.g.. CH, and
CO) is in their greenhouse effect, which is comparable to that of CO,
(Ramanathanetal. 1985), and in theireffect on tropospheric chemistry (Crutzen
1988). We shall concentrate in this chapter mainly on remote sensing of trace
gases other than CO,, since biomass burning is generally an inefficient com-
bustion and the relative abundance of trace gases is high. Trace gases also play
an important role in atmospheric chemistry, whereas CO, is completely
oxidized.

Removal of the trace gases from the atmosphere is mainly by oxidation
processes. Measurements of the emission rales of trace gases can show the
potential of changes in the atmospheric balance. Comparison of the changes of
the emission rates with the variationsin the background concentration can teach
us about the ability of the atmosphere to take care of extra emission, i.e., the
cleansing process. For example, methane (CH,) concentration is increasing by
1% a year (GTC 1986; Blake and Rowland 1986) and has doubled in concen-
tration over the last 100-300 years after being constant for thousands of years
(Stauffer et al. 1985). It is not clear whether this increase is due to an increase in
the emission of CH,, a reduction in the oxidation of methane (GTC 1986),
and/or an increase in the conversion of other organic gases to methane. The
present increase in the tropospheric concentration of ozone (an oxidant). not
only in strongly polluted areas (Fishman and Larsen 1987). but also at back-
ground stations (Oltmans and Komhyr 1986), suggest that there cannot be a
reduction in the oxidation process, and the increase in the methane concen-
tration has fo be explained by an increase in the methane emission. The larger
seasonal cycles in the CH, concentrations in the Northern Hemisphere than in
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the Southern Hemisphere also suggest the dependence of CH, concentration on
source variation.

During prescribed and natural fires large amounts of trace gases (e.g., CO,,
CO, CH,. NQ,) and particles (organic matter, graphitic carbon. and other
constituents) are released to the atmosphere. It is estimated that biomass
burning contributes 5-30% of the global amounts of CH,CI, CH,, NOQ, (GTC
1986; Crutzen and Graedel 1988) thus having a similar contribution to the
atmospheric trace gases as fossil fuel burning {Crutzen et al, 1985; Fishman et
al. 1986) and more than half of the contribution of fossil fuel in CQ, (Seiler and
Crutzen 1980; Crutzen et al. 1985; Mooney et al. 1987). It increases the
atmospheric greenhouse eflect as well as affecting tropospheric chemistry
(Crutzen et al. 1979). Trace gases such as N,0 and CH,, which are stable in the
troposphere, can penetrate to the stratosphere, be activated by UV radiation,
and affect the chemistry of the stratosphere (Crutzen et al. 1985). There is also
evidence of an increased production of N,O from soil following fires (Anderson
elal. 1988). Note that most of the stratospheric NO, that serves as a catalyst in
the ozone destruction, originates from tropospheric N,O (Wayne 1985). NO is
responsible for about 70% of the annual global destruction of stratospheric
ozone via the nitrogen oxide catalytic cycle (Turco 1985; Coferet al. 1988). One
radiatively active trace species, ozone, is not emitted directly by burning. but
despite its secondary nature, it may be affected as strongly by trepical burning
as methane or aerosol. Observations made in situ (Crutzen et al. 1985: Andreae
etal. 1988) and from space (Fishman and Larsen 1987) suggest that high ozone
in the continental tropics, forested or agricultural ecosystems, is most likely
associated with burning emissions of pollutants. The fires emit NO, and ex-
trapolation of studies of mid-latitude. predominantly urban pollution (Seinfeld
1986) suggests that it is the NO emission that is most important in the tropics for
ozone production (Chatlield and Delany 1988).

The particles emitted from biomass burning may affect the radiation budget
and boundary layer meteerology by reflecting sunlight to space and absorbing
solar radiation (Coakley et al. 1983), The particles emitted from biomass
burning are a major source of ¢cloud condensation nuclei (Radke 1989). There-
fore an increase in the aerosol concentration may cause an increase in the
reflectance of thin to moderate clouds (Twomey 1977; Coakley et al. 1987) and
a decrease in the reflectance of thick clouds (Twomey et al. 1984). Since for most
clouds the aerosol effect dominates through an increase in the cloud albedo,
Twomey et al. {1984) suggested that the net cooling effect due to the increase in
the aerosol concentration can be as strong as the heating effect due to the
increase of global CO, and other trace gases. but act in the opposite direction
{Coakley et al. 1987). Therefore, the net effect of increased concentration of
aerosal and trace gases on the earth’s energy budget is not abvious.

Biomass burning in the tropics is of particular interest, due to the large
extent of forest clearing and agricultural burning. Estimates based on satellite
imagery are of 350,000 fires corresponding possibly to 200,000 km® of burned
vegetation in Brazil’s Amazon alone (Setzeretal. 1988; Setzer and Pereira 1989),
Biomass burning is also important due to the high solarirradiation in the tropigs,
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that enhances atmospheric chemical reactions (due to the U.V. radiation) and
the aerosol climatic effects {(more solar radiation to be reflected to space). In
addition to the study of the emission of trace gases, it is also imporiant to monitor
the emission of the particles, due to their possihly strong, but poorly understood
effect on climate {through cloud modification), and their ability to serve as the
surface for heterogeneous atmospheric chemistry.

Present methods for the estimation of trace gas emissions from biomass
burning are based on measurements of the ratio of the trace gas concentration
to the concentration of CO, (Andreac etal. 1988), and ona crude global estimate
of therate of emission of CO, during biomass burning (Seilerand Crutzen 1980).
This estimate may suffer from uncertainty in the overall extent of biomass
burning, e.g.. rate of deforestation, or agricultural burning practices, and in the
density of the burned material. As a result, it is very important to obtain direct
information about the fires and the emission products. Satellite imagery
provides such an observational tool. 1t can show the spatial and temporal
distribution of fires {at least the ones that are observable during the satellite pass)
and provide a measure of the rate of deforestation (Tucker ct al. 1984:
Malingreau and Tucker 1988), as well as measure one emission product — the
emission of particles from the fires {(Kaufman et al. 1989). Although satellite
imagery cannot be used directly to sense the emitted trace gases, both the mass
of emitted particles and the mass of emitted trace gases are propertional to the
mass of the burned biomass. In Figs. 2 and 3, the relation between the emitted
trace gases and particulates is shown, based on the measurements of Ward
{1986) of the muass of the emitted species per unit area of the firc. Due to the
variability of the density of the consumed fuel in each case. a strong relation is
observed between the trace gases and CO, {Fig. 2) or particulates (Fig. 3). Ward
(1986) alsonormalized the emission measurements for the mass of fuel (see Figs.
4 and 3). The normalized emission ratios show the relations between the
different emission species, duc to vatiability of the fire efficiency. The correlation
between methane emission {CH,) and particulate emission {(sce Figs. 3 and 5)
shows that estimate of methane emission can he more accurately done from
particulate measurements than from fuel consumption measurements,

Once the relationship among the emitted particles, trace gases, and the
burned biomass is established (for a given land cover) measurement of the
emitted particles can be used to determine the mass of the emitted trace gases,
and to some extent, the mass of the emitted CO,. For example, CH, and CO can
becomputed directly from the measured mass of particles using the relationship
between them (Figs. 3 or 5), while N,O can be computed from the mass of
emitted CQ,. using a conversion ratio measured by Cofer et al. (1988) of 0.00(2
between the mass of emitted N,O and the mass of emitted CQ,.

Among satellites that can be used to monitor large fires. the meteorological
NOAA series of polar orbiters present a unique capability: daily coverage
currently by two satellites with at least four daytime and four nighttime passes
for any area: multispectral coverage with the same 1.1 km resolution in visible,
near, and thermal infrared bands; and a relatively easy capability of near-real
time receiving and processing of images covering areas of continental dimen-
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sions, LANDSAT TM and SPOT (30 and 10 mresolution, respectively) can also
be used and provide much finer details of the fires and burning arcas, but such
systems are of limited use for regional monitoring due to the high data volumes
associated with the high spatial resolution and low temporal repeat frequency
of many days.

16.2 The NOAA-AVHRR Series

The NOAA-AVHRR series provides a set of images in five spectral bands (four
AVHRR passes are available daily}. Its visible (0.63 pm) and near-IR (0.85 um)
channelscan provide information (during the day) on the surface characteristics
and the smoke loading and characteristics (Kaufman et al. 1990; Ferrare et al.
1990).The3.7-and 1 1-pmchannelscan be used, during day and night, to monitor
the number and spatial distribution of the fires. Therefore it should be an
adequate tool for regional and global remote sensing of fires and their emissions.
The analysis of AVHRR bands | and 2 requires accurate satellite calibration
{less than 10% absolute error, less than 1% change during a 20-day period and
less than 5% error in relative calibration between the channels {(Kaufman gt al.
1990). Presently, the AVHRR first two channels are calibrated using radiunces
measured overremote ocean areas and deserts (Kaufman and Holben 1990) and
by an aircraft-calibrated scanning radiometer above White Sands National
Monument in New Mexico (B. Guenther pers. commun.). It is expected that
with these calibrations such requirements can be met.

A preliminary operational scheme for monitoring biomass burning using
l-km data from the AVHRR system was devised by the Brazilian Space Institute
(INPE/MCT) for the 1987 Amazon burning season. The afternoon pass of the
NOAA-9 was recorded by INPE over central South America. The images were
processed on the day of recording to detect large forest burnings, and hy the
following day the geographical location of the main fires was available to state
representatives of the Brazilian Institute of Forest Development (IBDF/MA).

16.3 Remote Sensing of Fires, Smoke, and Trace Gases

The radiative temperature of the pixel from AVHRR channelsat3.7and 11 pm
can be vsed to identify fires (Dozier [980: Matson and Dozier 1981; Matson et
al. 1987). Since the fire line cannot fill a pixel, we may consider the pixels to be
only partially filled with fires. Although for some hot objects the two channels
can be used to identify the hot object temperature and its subpixel size, for fires
(temperature > 500 K), even if 0.01-0,1% of the pixel is covered by a fire it is
enough to saturate the 3.7 um channel of the AVHRR, and have a small effect
in the |1 pm channel (see Fig. 6). The AVHRR sensor was not designed for fire
monitoring and both AVHRR channels saturate around 320 K (Matson ct al.
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carbon is released than under smoldering conditions. Graphitic carbon isa very
strong absorber of light in the solar spectrum, and therefore w, isaround0.97 for
smoeldering and as low as 0.66 for flaming conditions (Patterson and McMahon
1984). Measurements of the uerosol absorption in field fires (Patterson et al.
1986) showed a much smaller range of variation that corresponds to «, in the
range 0.90-0.96. Radke et al. (1988) used aircraftsampling to find a variation in
w, from 0.75 for a strong fire of dry wood t00.82-0.91 for typical large prescribed
fires (Radke et al. 1988), Measurements of total emitted particulates mass and
graphitic carbon (Andreae et al. 1988) in the Amazon basin show that 7% of the
particulates is graphitic carbon which corresponds to w, ~ 0.96 and indicates a
large portion of smoldering in the emission.

Given current sensor capability, satellites cannot observe directly the
emitted trace gases in the lower troposphere. Only concentration of tropospheric
ozone (Fishman et al. 1986; Fishman and Larsen 1987) was derived indirectly
by subtracting from the total ozone estimated from the TOMS (Total Ozone
Mapping Spectrometer) data and stratospheric ozone derived from the SAGE
(Stratospheric Aerosol and Gas Experiment)} experiment. Therefore, in order to
obtain information about the emission products from fires, a remote sensing
method is proposed that concentrates on detection of fires and remote sensing
of the emitted particles, and translation of these observations into trace gas
emission using measured ratio of particle concentrations and trace gas con-
centrations in the smoke for several fire conditions (see Figs. 3 and 5). Alter-
natively, the number of fires can be used to estimate the trace gases emission by
using measurements of the burned biomass in an “average™ fire and average
ratios hetween the emitted trace gases and the emitted CO,,

The data of Ward and Hardy (1984) and Ward (1986} indicates that there
1s a strong relationship between particulate matter emission (M, ) and CH,
emission (Mgy,), see Fig, 3. The relation is somewhat different for flaming or
smoldering:

Men = 0.6M ., for smoldering conditions,  and o
Moy = 03 M, for flaming conditions. 2y

M4 can be derived from M ., with uncertainty of 20% if the stage of the fire
is determined, and 30% if it is not (see Fig. 3), Similar relations were found for
NMHC:

MNM].](‘ = O-3Mpart fOI‘ Sm(‘lldt‘ring CO]‘ldlIlO]’]S, al’ld (3)
MNM[](‘- = 0'2Mparl for ﬂamil‘lg conditions. (4)

For COsimilar relatiens were found, except that the emission of CO is better
correlated with the emission of €O, (see Fig. 4), than with the emission of
particles for the smoldering phase. Nevertheless, CO can also be determined
from the derived particulate mass with similar uncertainties (see Figs. 3 and 5},
The measurements of Ward { 1986, see Fig. 5)indicate that the relations between
CO and particles emission are:
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Moo = (17 £ 5}M,... for smoldering conditions,  and (5
Mg = (10 £ 5)M ., for flaming conditions. {6)

Since particulate matter concentrations in the atmosphere can be derived from
satellite imagery (Fraser et al. 1984; Kaufman and Sendra 1988a,b; Kaufman
1987), therefore the mass of CH,, CO and other trace gases can be derived as
well. The relationship between the emission of particulates and the emission of
CO, can also be found from Fig. 4 (data of Ward 1986) as:

Meo, = (100 £ 30)M ., for smoldering conditions,  and {7
Mooz = (170 £ 8B0)M ., for flaming conditions. Y

Itis not completely clear at this point how well these relationships represent
the conditions found in the tropics. Measurements of emitted trace gases were
performed in Brazil (Greenberg et al. 1984; Crutzen et al. 1985; Andreae et al.
1988) but the concentration of submicron aerosols was not measured, Green-
berg et al. (1984) measured the relation between the emitted CH, and CO and
the emitted CO,. They found that the volume ratic of CO and CO,: Vo0 / Vo
150.12 (range between .05 and 0.30) which corresponds to mass ratio M/ M,
of 0.08 (range between 0.03 and 0.20}. It is assumed here that the low part of that
range corresponds to flaming conditions, while the upper part of the range to
smoldering conditions, sirnilar to the measurements of Ward (1986) shown in
Fig. 4). This range of mass ratio results in production rate for CO of 50 (g kg
fuel) for faming and 280 (g kg ' fuel) for smoldering, These production rates are
similar (within 30%) to the production rates measured by Ward (1986) and
presented in Fig. 4. Table 1 summmarizes these results. For comparison, the
derived rates from the volume ratios measured by Andreae et al. (1988) for
mixed smoldering/flaming conditions result in emission rates smaller than the
above (see Table 1). A similar comparison iscarried for CH, in Table 1, resulting
in a similar fit. The variation between the measurements of Greenberg et al.
(1984), Ward (1986}, and Andreae et al.( [988) results from different fuel and fire
characteristics. By using theratio between CH, and aerosol and between COand
aerosol, this variation can be decreased, since all these three biomass burning
products are released in larger quantities with the reduction of the fire e fliciency
{which is not true for CO,).

Water vapor condensation on the aerosol particles may result in an un-
certain estimate of the nonwater part of the emitted particles. The moisture
contained in the biomass and water generated through combustion can make
only a small increase in the relative humidity of the smoke (Ward et al. 1979},
Most of the water vapor in the smoke was in the ambient air before the fire.
Therefore, the effect of water vapor on aerosol scattering characteristics depends
on theatmospheric profile of the relative humidity and the altitude of the smoke,
Andreae et al, (1988) found that in the Amazon Basin the smoke was emitted in
thin layers located 1-4 km from the ground. In the relatively dry conditions in the
fire season, the relative humidity in the lowest 4 km is between 40 and 70% for
savannah and 50 and 85% for tropical forest regions (Crutzen et al. 1985). Hinel
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Table 1. Comparison between production rates for €O and CH,

Quantity and source Smoldering  Flaming Mixed
M/ Meg,! 0.20 0.03 0.08
€, production rate (g kg™ fuely® 1400 1700 1550
CO resultant production rate (g kg'' fugh 280 50 120
My /Mg 0.036
€O resultant production rate (g kg fuel) 85
Mo/ Meos! 0.09
CO resultant praduction rate (g kg fuel) 140
€O production rate (g kg* fuely 220 Kt 150
Men, /Mg, 0.008 0.002 0.004
CO. production rate (g kg fuely 1400 1700 1550
CH, resultant production rate (g kg* Tuel) 11 5 6
CH, production rate (g kg fuely 7 2 5

'Greenberg et al. (1984), *Ward (1986) and Fig. 4,” Andreae ct al. (1988}, *Crutzen ct al. (1985).

(1981) developed a model of the relationship between relative humidity and
particle size. According to this model, for a relative humidity of 70%. it is
expected that roughly 50% of the particulate mass will be water. as long as there
is no saturation (see also Kaufman et al. 1986). Saturation can be detected as
cloud formation resulting in high spatial nonuniformity in the smoke. We
estimate that the error in the derivation of the dry aerosol mass due to the error
in the humidity effect is + 30%.

16.4 Remote Sensing of Aerosol Characteristics

Satellite imagery of the earth’s surface in the visible and near-IR part of the
spectrum were uscd to derive the aerosol optical thickness (a measure of the
aerosol mass loading in the atmosphere). its single scattering albedo (ratio
between scaltering and total extinction —a measure of the presence of graphitic
carbon in the aerosol) and the particle mass median size. The remote sensing
technique is based on the difference in the upward radiance, reaching the
satellite sensor, between a hazyday and a clearday (Fraseretal. 1984; Kaufmun
1987: Kaufmanetal. 1990; Ferrare etal. 1990). The acrosol optical thickness can
be detected from the radiances above water or land for most land covers (except
bright soil or sand). The single scattering albedo can be detected over a sharp
contrastin the surface reflectance, e.g., asea shore aswell as over vegetated areas
(here the contrast is between the low reflectance in the visible and the high
reflectunce in the near IR), The particle size is derived from the wavelength
dependence of the optical thickness. The aerosol optical thickness can be
detected in AVHRR {magery in more than one wavelength only over water.
Therefore, the particle size can be derived only from images acquired over
water. Derivation of the aerosol optical thickness using a single image was
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applied by Kaufman and Sendra (1988a,b) over forests. The methods were
applied to GOES (Fraser et al. 1984), AVHRR (Kaufman et al. 1990; Ferrare
etal. 1989) and LANDSAT MSS imagery (Kaufman and Sendra 19884,b). The
derived aerosol optical thickness was verified by sunphotometer measurements
from the ground (Fraser et al. 1984; Kaufman and Sendra 1988a.,b). The
derivation of the single scattering albedo was tested in a laboratory simulation
(Mekler et al. 1984; Kaufman 1987).

16.5 Satellite Estimation of Gaseous Emission from Biomass
Burning

The remote sensing techniques are based on the analysis of NOAA-AVHRR
I km resolution imagery. The 3.7-um and the 11-pm channels are used to detect
fires and distinguish them from clouds and hot soil (that may also saturate the
3.7-pm channel). The massof particulatesin the smoke and theirsingle scattering
albedo (e,) are determined from the visible and near-1R channels {(w, is used to
distinguish between the relative contribution of smoldering and flaming to the
smoke). In the following sections two methods for the remote sensing of the
emitted trace gases are applied. In the next section, the average cmission of
particulates per fire is determined from the satellite imagery, and converted to
the emission of trace gases by Eqs {(1)-(8). The total emission is found by
multiplying by the total number of fires. In Section 16.5.2. the total number of
fires is used to compute the total burned biomass using the amount of biomass
burnedinan “average fire”. The amount of burned biomass is converted into the
emitted trace gases using emission rates from the literature.

16.5.1 Estimate Based on the Average Emission of Particulates per Fire

Since fires are better spatially defined in the image than smoke, first the average
emission of particulates per fire (in a given area and season) is estimated and the
corresponding total amount of fifes (in the same season and area) is computed.
The total mass of the emitled particulates is computed as a preduct of the
emitted mass per fir¢ and the total number of fires, This indirect procedure has
two advantages. Statistically, it surveys the area by counting fires, that due to
their distinct spatial nature are more easily defined than smoke. On the other
hand, the disadvantages in counting fires (we cannot distinguish between large
and small fires, we may miss very small fires or fires that were extinguished
before the satellite pass) arc eliminated by the fact that in the procedure we first
divide by the number of firesin a given area and day to find the emission per fire,
and then multiply by the total number of fires to find the total emission. In this
way the subjectivity of defining fires by the satellite capability is canceled in the
process. The mass of the emitted particulates is converted to the mass of emitted
trace gases and CO,.
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16.5.1.1 Basic Assumptions
The basic assumptions in the remote sensing analysis are the following:

— For each land management zone and season it is possible to define an
“average fire” so that if the characteristics of a large sample of fires are
established, the total emitted mass of particles and trace gases can be found
from the total number of fires.

— Therelations between the emission rate of particles, trace gases, CO,, and

the mass of burned biomass, that are found from prescribed fires (Ward and
Hardy 1984; Ward 1986) can be applied to the fires in the tropics and other
regions of the world. In this regard it is helpful that the fires monitored by
Ward and others consumed different types of wood and were carried in
varying meteorological conditions {Ward 1986).
There is a direct relationship between the particulate characteristics mea-
sured by Ward (1986) and the particulate characteristics measured from
space. Therelation between the mass of particles measured from the ground
and derived from satellite radiances were discussed by Fraser et al. (1984).
Past measurements of particles and gases made using sampling devices
suspended from towers have compared favorably with measurements made
using airborne sampling techniques {Ward et al. 1979).

— Itis possible to separate the contribution of liquid water and the emitted
material from the fire to the light scattered by the smoke. The contribution
of the liquid water is found from climatology of the area as wellas from local
meteorological information.

— Itis possible to assume a value of the refractive index and size distribation
of the particles.

16.5.1.2 Estimation of the Emission Rutes per Fire

For 4 given land cover category and season. it is assumed that the range of fires
and resulting emissions can be represented by an average fire. To find the
emissions from an average fire, the emitted smoke has to be related to the fires
from which it is emitted, For this purpose, an area in the satellite image is
determined for which there is a direct relation between the smoke and the fires
that emitted the smoke {see Fig. 7). The average rate of emission and churac-
teristics of the aerosol part of the smoke is estimated from AVHRR channels |
and 2, These two reflective channels are calibrated using the calibration of
Kaufman and Holben (1990). The aerosol optical thickness is computed from
the difference in the radiances in channel 1 between the area that contains the
smoke and a nearby background radiance. The integrated mass of smoke is
computed from the derived optical thickness, integrated on the area covered by
the smoke. A conversion fuctor is used to convert the optical thickness into the
mass of aerosol per unit area of the surface. For the assumed average particle
radius (averaged on the mass distribution) ot0.3 um, the conversion factoris0.22
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Fig.7. The fires and smoke of biomass burning due to deforestation in the state of Rondeonia, Brazil.
The image was generated from AVHRR channels -4, Fires are shown by white dots (based mainly
on the radiance in channel 3-3.7 pm). vegetation is dark (based on the radiance in channels 1-0.63
um and 2-0.85 ym), sraoke is gray (chanpels 1 and 2) and thick clouds are white (channels 1,2, and
4-11 pm). The latitude and longitude lines are indicated. In the image there are 1500 fires and as a
result, heavy smoke covers 50,000 km?

g m™ (assuming density of | gem™®). This particle radius of the emitted smoke
is taken as the average of the radius measured in situ {Radke et al. [988) and by
remote sensihg (Puschel et al. 1988; Kaufman et al. 1990; Ferrare et al. 1990).
Forcomparison Tangren, (1982) derived a value of 0.28 g m™* from a comparison
of particulate mass and a nephelometer scattering coefficient. Since our remote
sensing method is sensitive only to small particulates (less than 2 pm) it is
reasonable to use a somewhat smaller value. If half of the aerosol mass is liquid
water (sce discussion in Sect. 16.3), then the conversion factor from the aerosol
optical thickness to the dry aerosol mass is 0.11 g m™=,

Thevalue of w, (thesingle scattering albedo) isdetermined from the relation
between the increase in the upward radiance, due to the presence of the smoke,
in channel | and channel 2 (Fraser and Kaufman 1985; Kaufman 1987;
Kaufman et al. 1990; Ferrare et al. 1989) and is used to estimate the relative
contribution of smoldering and flaming phases to the total emissions. Since the
AVHRR can measure the smoke release only once or twice a day (morning and
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afternoon passes), there is a need to estirnate the relation between the smoke
seen from the AVHRR and the actual daily generation of smoke, from more
frequent platforms — GOES (Fraser et al. 1984) and/or ground observations
(Kaufman and Fraser 1983). Cloud analysis from the AVHRR is used to
estimate the eflect of clouds on fire detection and the effect of condensation and
cloud generation on the aerosol. The following is the algorithm to estimate the
emission of particulates per fire:

1. From GOES and/or ground ohservations estimate the ratio tr;,./toon,r
where t,;,, 15 the average daily duration of most of the emission and t .y,
is the duration of substantial emission till the AVHRR image is taken.

2. Fromthe AVHRR find the total dry mass of the smoke M, in a given area,
the average value of w, and the number of fires that contribute to thissmoke.

3. Estimate the fractional contribution of flaming and smoldering to the
smoke from w,, then estimate the emission ratios Capy(w,), Coolw,), elc.

4. Compute the emitted mass Moy,. Mgy, M (total dry aerosol mass) etc:
M = (tire/ tavner) * ML Ci(w,). where 1is CH,, CO etc.

5. Compute the average emission of particles and gases per fire (by dividing
the emitted mass by the number of fires).

In 1987 the AVHRR afternoon pass wasaround 15.30h LST. Assuming that
the fires start around 11.00-12.00 h LST and produce most of the emission in
7 h, then the ratio s t;;,./ tynrr and 0.5 £ 0.2

16.5.1.3 Remote Sensing of Fires and Total Emitted Mass

The radiative temperature of the pixel from AVHRR channelsat3.7and 11 um
is used to identify fires. The 11 pm channel is used to distinguish between fires,
reflective clouds, and hot surface areas. A hot surface (320 < T << 400 K) will
saturate both the 1l pm and the 3.7 pm channels. For pixels that include fires,
theradiance inthe 3.7 pm channel will be much larger than in the 11 pm channel
and usvallysaturated (see Fig. 6). Water clouds thatsaturate the 3.7 pmchannel,
will usually result in low radiances in the |1 pm channel, and have an irregular
shape. A computer program détermines the amount of fires, based on these
criteria (see Sect. 16.5.1.4 for details).

The total emission during the fire season is computed by multiplying the
emission per fire by the number of fires. The emission is adjusted for the
cloudiness (that covers some of the fires) by the cloud fraction. The cloud
fraction is found from the satellite images, based on a threshold reflectance in
the visible band.

16.5.1.4 Accuracy Estimates

The process of computation of the particles and trace gases emission involves
several steps (as discussed in the previous paragraphs). In the following the
errors in each step are estimated:
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— Computation of optical thickness from the detected radiances — 30% error
(Fraser et al. 1984).

— Computatien of the total aerosol mass from the optical thickness — 30%
error (Fraser et al. 1984).

— Computation of the dry aerosol mass from the total aerosol mass — 30%
error (Kaufman et al. 1986).

— Conversion to trace gases from the dry aerosol mass — 40% error (see Figs.
3 and 5).
Integration on a whole area and emission time — 60% error (Ferrare et al.
1990).

These errors are errors in multiplicative factors {e.g.. the relation between wet
aerosol mass and optical thickness or trace gases and dry aerosol mass), as a
result the final product “P” can be described as: P = IIP,, where P; are the
multiplicative factors. The multiplicative error in P (¢) can be described by:

eP = Ile;P;, and therefore e = Tle,.

The accumulated r.m.s. error, is found from the logarithm of ¢ (loge = Xloge,)
and the r.m.s. error is:

rms.(loge) = / [Z(loge)*] = 0.76. — e = 2.

Therefore the estimate of the emission rate is within a factor of 2.

16.5.1.5 Application of the Techniques

Satellite measurements of the aerosol emission and the presence of fires was
used to detect the rate of emission of particulates and trace gases from biomass
burning. In the following an example is given of analysis of emission from
biomass burning due to deforestation during the dry season in Brazil (a limited
area 6.5-15.5° south and 55-67° west is analyzed currently). The analysis
included the following steps:

Calibration of the AVHRR Visible and Near-IR Channels. These channelswere
calibrated using the calibration derived for 1987 by Kaufman and Holben
(1990). The satellite data were first calibrated by the preflight calibration
supplied by NOAA together with the data. The radiances in the visible and
near-IR channels were further divided by 0.81, in order to compensate for the
deterioration in the calibration of the two channels.

Smoke Analysis. The surface reflectance was determined from radiances
recorded over areas where local smoke was not observed (i.e., uniform areas)
and assuming thal the aerosol optical thickness is zero. The meaning of this
assumption is that the background smoke is considered as part of the back-
ground radiance that includes the surface reflectance. Therefore, the deter-
mination of the amount of smoke emitted per fire is based on the freshly emitted
smoke, and on the observed fires. This analysis is applied whenever the fresh
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smoke is easily observed and related to the fires from which it was emitted. In the
State of Rondonia the range of surface reflectance in channel | was found to be
0.05 0.13,and in channel 2: 0.22-0.34, Similar reflectances were determined in
other areas (e.g.. Bolivia, Para, and Matto Grosso). The fresh smoke increased
the radiance (normalized to reflectance units: L = wL/F g, where Fy is the
extraterrestrial solar flux and p, is cosine of the solar zenith angle) in channel |
from 0.06-0.12 t0 0.15-0.25; and in channel 2 from 0.16-0.26 ta 0.18-0.32. The
increase in the radiance in channel 1, corresponds to an increase in the agrosol
optical thickness of 0.5-3.0, und the increase in channel 2 implies single
scattering albedo values approaching | (see Tables 2 and 3). Therefore it is
concluded that smoldering rather than flaming is the major contributor to the
emission products that we sce in Brazil.

Table 2. Examples of the resuits for the smoke area (A). the number of fires (N). the acrosol single
scattering albede (w,). and the aerosol mass per fire {M,,) for the state of Rondonia, Brazil. as
analyzed from the AVHRR imagery

Date A N o, M,
smoke number single scat. aerosol mass
area (k') of fires albeda /fire {1)
731.87 0.99 60
8.10.87 54,000 1361 0.99 15
8.11.87 75,000 2302 0.99 22
8.12.87 70,000 3597 0.99 11
8.20.87 130,000 2010 1.00 23
8.21.87 153,000 2038 0.99 40
8.22.87 43,000 1570 0.98 21
8.23.87 54,000 720 0.95 78
8.27.87 197,000 1929 0.96 58
9.01.87 36,000 gLk .94 52
5.08.87 27.000 1830 0.97 26
9.09.87 150.000 4709 0.97 21
Average quantity 0.98 + 0.0t 354+ 20

Table 3. Average emission rates from dilferent fire regions (the emission represents the fire
emissions before the satellite pass. per fire)

Central location

Fire region —_— Acrosol  CH, o CO.
Latitude  Longitude single scat. mass/ mass/ mass/ mass/
albedo fire (t) fire (t) fire (1) fire (t)
Rondonia 12°8§ 62°W 0.9% 35420 20 600 3500
Balivia 14°5 64°W 0.97 55 L2033 930 3500
Mato Grossoe 1178 57°W 0.99 43 £ 15 26 730 4300
Average 0.98 45 L2} 26 750 4500

The uncertainty in the estimation of the trace gases is 70% lor CH, and CC and 80% lar CO,.
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Analysis of Emission Rates per Fire. Due to the derived high value of the single
scatlering albedo (0.98) the emission rales per fire summarized in Table 3 are
based on the relationship between the emission of particulates and trace gases
for smoldering conditions [Eqs. (1), (3), (5), and (7)]. Remote sensing of the
emitted aerosol and its conversion to the emitted truce gases (CO, CH,, CO,,
etc.) shows (see Tables 2 and 3) that on average each fire in the tropics
contributes 45 t of particulates, 25 1t of CH,, 750 t of CO, and 4500 t of CO,.
These emission rates per fire are for the total emission (before and ufter the
satellite pass during 1 day), hased on the ratio of the emission before the satellite
pass and the total emission of 0.5 (see Sect. 16.5.1.2). IT the fire continues more
than | day, it will be counted again in the second day. but also its emitted smoke
will be measured in each day separately. Therefore, in this analysis, in each day
a fire can be considered as an independent fire.

Fire Count. Fireswere counted based on the radiative temperatures in channel
3 —-T,and 4 — T, of the AVHRR. A fire was identified if the radiative
temperatures T, and T, fulfilled the following criteria:

T,=316 K.T,>T, + 10Kand T, > 250 K. %)

The first criterion requires that in order that a pixelis considered Lo contain a fire
(or fires), it has to be very hot (close to the 320 K saturation level). The second
criterion requires that the radiative temperature has 1o be much larger in
channel 3 than in channel 4 if the pixel contuins a fire rather than a warm surface
{bare soil or dry grass in the tropics may be as hot). The third criterion requires
that the pixel does not include strongly reflective clouds in the 3.7-um channel.
which may saturate the 3.7-pm channel.

Subject to these criteria, fires were counted during 49 out of 77 days (July 4
till Sept 18} in the dry season in Brazil, for which data were available. The fire
count for the area between 6.5 and 15.5° south and 55 and 67° west is shown in
Fig. 8 as a function of the Julian date. In order to display the sensitivity of the
fire count to the apparent temperature of the fire in the 3.7-um channel, three
thresholds for the first criterion in Eq. (7) were used: 316 K, 318 K, and 320 K
(shown in accumulative form in Fig. 8). The high correlation between these
three temperatureranges showsthat the criteria identify fires. that thereis a good
correlation between small (or less hot} fires and larger (or hotter) fires.
Decreasing the threshold further resulted in contamination of the fire count
from warm surface areas. A total of 115,000 fires were counted. The cloudiness
was also estimated from the satellite imagery for the same period. Clouds may
hide part of the fires from the sensor, but they also may indicate the presence of
rain and thus less fires (see Fig, 9), Due to the small correlation between clouds
and fire, it was assumed in this analysis that the presence of fires is independent
of the presence of clouds, and that clouds with reflectance larger than 0.4 in the
visible do hide fires. Accounting for the cloudiness in each day for which fires
were counted increased the total number of fires to 132.000. In Fig. 10 the fires
counted in each individual day are plotted together with the number that is
carrected for the effect of clouds. Extrapolating these results to the whole fire
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Fig. 8. Number of fires as a function of the day of the year for 1987. The fires were counted, based
on the radiance in the AVHRR | km resolution imagery. in channels 3 and 4, over the area between
55and 67° west, and 5.5 and 15.5° south. The black area represent fires that saturate channel 3 (3.7
pm). the grayarea are additional fires thatare 2 K colder. and the dotred area fires thatare 4 K colder

0.8
is
z 0.6
4
G
-] o}
& 04 a a 2]
a B O
3 L
S o2 2 8
18 i BBEE a Eh a o - “i-’.9 1 U!.iil cl‘:!ud f.l".l(._'llﬂl.l 1-.|
¥ gdoe Bm - function of the number of fires
0.0 W PLEET=—X ' J ’ dmmg the dry season in 1987
0 2000 4000 6000 8000 10000 for the area between 55 and 67
NUMBER OF FIRES west.and 5.5 and 15.5° south
10000
8000
7]
w
e
w 6000 -
w
(a]
o«
g 4000
=
2
2000 A i = 5
Fig. 10. Number of fires count-
ed as a funcuon of the day of the
9 i year for 1987 (dotred line) and

T v T v T T T T
180 200 220 240 260 280 carrecied for the effect of clouds
DATE [ serdid line)



Remote Sensing of Biomass Burning in the Tropics 391

Table 4, Emission from biomass burning

Source Particulates CH, CcO CO,
(> 10g) (x10g) (% 10%g) (x10mg)

1. Estimate based on fire count

and remote sensing of the

aerosol (limited area; 6.5-15.5°

south and 55-67° west) 11 7.3 180 1,100
2. Extrapolation of resulls in

(1) to global deforestation

in the tropics 73 1800 11,000
3. Estimate based on fire count

and “average fire size”

{area covering most of Brazil) 6 90 1,800
4. Global estimate
(Crutzen et al. 1985) 40 800 10,000

Comparison to global budgets

Source CH,{x 10"*g} CO(x10"g)
Sources {Seinfeld 1986) 570-825 65(-2200
Sinks (Seinfeld 1986} 605-665 1500-2500

season of 90 days, between July 1 and Sept. 31, we get 242,000 fires. Using the
average emission rates per fire (in its present definition) from Table 3 we gettotal
emission from the study area during the fire season shown in Table 4a.

16.5.2 Estimate Based on Average Biomass Burned per Fire

Forty six images from July 15 to October 2. 1987, were analyzed and pixels in
band 3 corresponding to an AVHRR temperature reading ubove 315 K weré
selected as burning sites by a digital nonsupervised clustering algorithm. These
pixels were next examined in the visible channel to verify if' a smoke plume was
assoclated with each of them; the image was also visually screened to ascertain
if any significant plumes existed without a “*firc pixel™. Figure 7 corresponds to
such an image for the area of the State of Randonia. The number of pixels thus
classified was obtained for the Brazilian Amazon as well as for the individual
states of the region. The most northern areas of the states of the Amazons and
Para. and the Territory of Roraima and the State of Amapa were not examined
because they were out of the satellite range as viewed by the direct recciving
station, which is located at about 23°S. Figure || shows thousands of fires
burning along a belt from Belem, at the mouth of the Amazon River, to Porto
Velho, capital of the State of Ronddnia, stressing the current geographical limits
of forest conversion in Brazil.

Table 5 presents a summary of the data obtaincd through 1987 and
cstimates of areas burned. The states of Acre and Maranhio had less frequent
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Fig. 11. I'housands of fires burning along a belt from Belem, at the mouth of the Amazon River, 1o
Porio Velho. capital of the State of Rondénia, sitessing the current pecgraphical limits of Tarest
conversion m Brazil

Table 5. Data summary of the 1987 burning/dry season

State Acre  Mazonas Para  Rondonia M. Grosso Goias Maranhao Total

Number of analyzed

images m 29 35 27 37 34 11
Detected number

of fire pixels 1557 679 14507 26267 62341 28338 324]
Total number

of fires 12456 1873 33159

77828 134791 66678 23571 350,000

Bumned area (km™) 12741094 19365 45452 78718

38940 13765 204508
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coverage because they appear at the far sides of the area of interest. “Average
number of fire pixels” is the number of fire pixels registered in the images
analyzed divided by the number of images; “total estimate of fire pixels” is the
average number of fire pixels multiplied by 80, the number of days that the
burning season is assumed to have lasted. in order to obtain the actual burned
area some adjustments had 1o be made. First, some large fires lasted more than
| day and were possibly registered twice by the satellite; field work information
obtained in North Mato Grosso indicated 1.5 days to be a reasonable average
value for areas in the 100-ha range, and the total number of fire pixels were
adjusted by this factor. Sccond, in manycases the area actually burned. although
smaller than a pixel, was depicted as 4 full pixel because of its high temperature.
By comparing LANDSAT TM and NOAA-9 images for selected areas where
burnings occurred also in North Mato Grosso, it was found thatan overestimate
of about 37% occurred in the NOAA-% images, and therefore another adjust-
ment factor was used. And finally, to obtain the corresponding burned areas, the
adjusted pixel number was multiplied by 1.2, the area of a pixel in km® at nadir.
These factors can certainly be elaborated to produce more precise figures, and
the values issued represent a conservative estimate. As an example, the duration
of fires is smaller for arcas like the state of Ronddnia where propertics are usually
in the 1-10-ha range. In this region the burned area overestimate is thus much
larger, but many fires occur in the same pixel, and some small ones may be ended
ar not yet started when the image was obtained. Also, very dense smoke clouds
from some fires may prevent the AVHRR from detecting other fires. As shown
in Table 5, the total estimate of areas burned in the Brazilian Amazon basin in
1987 alone is about 200,000 km®, close to five times the area occupied by the
country of Switzerland, Of preat importance is the knowledge of the percentage
ofthisarea that corresponds to recent forest conversion. This number also varies
regionally, from 100% in regions of new development in the forest to a few
percent for regions developed a few years ago or with predominant cerrado type
vegetation (Setzer et al, 1988). As no statistics exist also in this case, the authors,
based on limited field work activities and examination of LANDSAT TM
images, suggest about 40%, or 80,000 km* as a conservative first guess. For the
whole Amazon tropical forest this value must be greater, since other countries,
such as Bolivia, are also pursuing deforestation policies.

Emissions of the 1987 burnings into the atmosphere were by no means
small. Press reports relate that in the Amazon region and Central Brazil low
visibility due to burnings that occurred hundreds of km away closed airports for
many days, caused boat accidents in rivers, and also significant increases of
respiratory diseases (Setzer et al. 1988). Carbon monoxide concentrations in
remote areas of the Pantanal, thousands of km downwind from the main fires,
increased by a factor of 10 (Kirchhoff et al. 1988). The smoke clouds were so
large that they could be easily detected on the visible channel of images of the
meteorological geostationary GOES satellite. and covered areas of millions of
km® (Setzer et al. 1988),

An estimate of the firc emissions was made as follows. Based on Seiler and
Crutzen (1980}, the amount of dry matter burned can be estimated from
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M= A xB;xaixb,, fori = 1 and 2, and where

M = Mass of dry matter biirned, in g;

i = typeolbasicvegetation burned, where 1 isdense forest, and 2 cerrado;
A; = Area of vegetation type i burned. in km?*

B; = Average biomass of vegetation i, in g km™%;

a; = Fraction of biomass over the soil in vegetation i; and,

b; = Combustion factor for vegetation i.

If Al = 40% and A2 = 60% of the estimated above, B, = 22.6 kg m™*
(Fearnside 1983), B, = 4.3 kg m™? (Santos 1987), a, = 0.8 (Seiler and Crutzen
1980), a, = 0.65 (Santos 1987), b, = 0.6 (Setzeretal. 1988) and b, = 0.75 (Seiler
and Crutzen 1980), resultingin M = 1.15x 10"® g of dry matter burned in 1987.

Also following Seiler and Crutzen (1980), the associated emissions of
carbon dioxide should be 45% of dry matter burned, or 0.52 x 10'® g, and based
on the methodology presented by Andreae et al. (1988), the emissions of trace
gases can be estimated, sec Table 4a.

16.6 Discussion

The main advantage of the remote sensing method suggested in this chapter to
sense the emission products from biomass burning in the tropics is in the
availability of inexpensive and reliable daily satellite data’ (the NOAA-
AVHRR}that provides information from every km® of the tropical forest on the
number of fires and the smoke emitted by them. Since the 3.7-um channel of the
AVHRR is sensitive to fires as small as [07'-107° km® (10 x 10m of flaming or
30 x 30m of smoldering), it is possible to count all significant fires (unless there
is more than one fire in a km® pixel), and detect new deforestation frontiers that
could be gone undetected otherwise. The disadvantage of the relatively low
saturation level of the AVHRR (320 K) that prevents one from distinguishing
between small or large fires. and smoldering or laming, is overcome by the
ability of the satellite 1o detect the particulates emitted in the smoke from the
fires, and to distinguish between smoke emitted from flaming fires and smol-
dering fires by the grayness of the smoke in the visible and near IR parts of the
spectrum. Note that remote sensing of smoke by itself is not good to estimate the
emission from biomass burning, due to the diffusiveness of the smoke and
difficulties in smoke tracking (Ferrare ct al. 1989). The main weaknesses in the
present technique are in the integration on the emission time and in the
transformation from particulates o trace gases. The time integration can be
helped by analysis of GOES satellite imagery that can provide hourly infor-
mation about the smoke (from its visible channel). The transformation from
particulates to trace gases has to be studied by field measurement programs,
Other uncertainties, such as the relationship between the measured radiance
and the aerosol optical thickness, as well as the relationship of the optical
thickness and the total and dry particulate matter can be reduced by in situ
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measurements of the aerosol characteristics (e.g.. size distribution) and me-
teorological conditions.

One unique characteristic of satellite-based techniques for monitoring
biomass burning is the synoptic coverage of the data. The AVHRR polar
orbiting sensors provide the basis for a global monitoring system. The tech-
niques previously described in this chapter have been developed for the
Amazon Basin where deforestation rates are high and forest burning is exten-
sive, Other regions of tropical forest are undergoing various degrees of forest
clearance through an increased demand for agricultural land. The techniques
developed for the Amazon are currently being applied to other tropical regions
of the World to test their general applicability for monitoring global biomass
burning. Figure 12a is an AVHRR image of the northern boundary of the
tropical forest of Equatorial Africa, including parts of Cameroun. Congo.
Central African Republic,and Zaire. The majorriversystemsare included in the
image for geographic location. The image was derived from AVHRR channels
I.3.and 4 to highlight the forest boundary and to reduce the effects of high cloud
reflectance and warm land surfaces. The image shows a sharp contrast in
brightness temperature between the tropical forest and the regrowth forest and
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Fig. 12a,b. One week composite of the fire in Equatorial Africa, from the 3.7 um channel of the 1 km
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savannah mosaic. The image is a composite of five dates from January 1988
during the short dry season. Figure 12b is an enhanced image of the fire
distribution for the same period. In this image 12,000 fires are depicted, the
majority of which occur to the north of the forest margin within the mosaic of
shifting agriculture and regrowth. The identification of fires within the savannah
zone where there is extensive burning annually is a subject for further research
and is complicated by the low saturation level of the AVHRR. Areas of active
burning at the forest margin and within the forest domain can be identified and
may provide evidence of active forest clearance. Preliminary analyses using
these data are currently being undertaken to estimate the extent of biomass
burning and to estimate the resulting gaseous emission within the entire
equatorial forest region of Africa.

16.7 Conclusions

Deforestation and accompanying burnings in the Amazon are occurring at
exponential rates which started in the early 1970’s with the official policy to
develop the region. Current yearly deforestation increases of 30% are expected
for the states of Amazonas, Mato Grosso, Para. and Rondonia, where most
deforestation takes place. If compared to a tentative evaluation of emissions for
1985 (Pereira 1988), the present estimate shows an increase of about 100% in the
number of fires.

The burning emissions are in the lower troposphere. although some smoke
clouds reach up to 4 km before starting to disperse horizontally. Considering
that almost no rain occurs during the burning/dry season, the emissions enter
the circulation of the anticyclonic cell that prevails in central Brazil during this
period. and are transported to latitudes of 20 to 30°S over the Atlantic Ocean.
In that region, increases in ozone tropospheric concentrations have been
reported in a possible link with biomass burnings (Fishman and Larsen 1987).
Also in this region, as seen in meteorological satellite images. tropospheric air
can be lifted to high levels by convection associated with the subtropical jet
stream, and which will eventually carry the emissions to Antarctic latitudes as
corroborated by wind data. Biomass burning emissions from the Amazon basin
present a substantial source of carbon dioxide and many atmospheric reactive
gaseous compounds, and aerosols that provide catalytic surfaces for photo-
chemical reactions, which could cause changes in the planet’s climate and
atmospheric chemistry.

Comparison with the global estimates of biomass burning (Crutzen et al.
1985; Table 4), shows that the Amazon region presently analyzed emits 1/10 of
the global estimate of biomass burning (Crutzen et al. 1985). Extrapolation of
the present results to global emission from deforestation can be performed by
assuming that the ratio between the regional emissions reported by Houghton
et al. (1987) for 1980, are also valid for 1987. According to Houghton et al.
(1987) the presently studied area emitted carbon in the rate of 160 X 10" g year™'.
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while the global emission from tropical deforestation was 1650 x 10'* g year™,
If the same ratios were applied for 1987, then the emission {rom tropical
deforestation in 1987 are similar to estimates of total global emission from all
types of biomass burning (deforestation as well as others) in 1980. This is mainly
due to the expansion of deforestation and biomass buming due to population
expansion, as found in the Amazon,
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