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ABSTRACT: Space Shuttle and Skylab-3 photography has been used to map the areal extent of Amazonian smoke palls 
associated with biomass burning (1973-1988). Areas covered with smoke have increased from approximately 300,000 
sp km in 1973 to continental-size smoke palls measuring approximately 3,000,000 sq km in 1985 and 1988. Mapping of 
these smoke palls has been accomplished using space photography mainly acquired during Space Shuttle missions. 
Astronaut observations of such dynamic and vital environmental phenomena indicate the possibility of integrating the 
Earth observation capabilities of all space platforms in future Global Change research. 

INTRODUCTION 

T HE EARTH'S GLOBAL PHYSICAL and ecological environ- 
ments are changing vigorously and rapidly (Botkin et al., 1989). 

Major scientific concerns about global environmental changes are 
that these changes are occurring during man's period of planetary 
stewardship, that these changes are most likely the result of man- 
stimulated modifications of the Earth's environment, and that the 
extrapolated rate of present environmental change is more rapid 
than any known from the geological record, including the great 
waves of biological extinctions found at some major geological era 
boundaries (Alho et al., 1988; Aubreville, 1947; Bruenig, 1987; Clark, 
1989; Johns, 1985,1988; Kapos, 1989; Lovejoy et al., 1984; Morgan, 
1987; Myers, 1986,1985,1982; Redclift, 1989; Reidel, 1988; Roberts, 
1988; Sayer and Stuart, 1988; Smith, 1985; Uhl and Vieira, 1989; 
UN, 1987; Wilson, 1989). 

Global biomass burning is an increasingly important agent of 
contemporary environmental change. Prior to the 19th-20th cen- 
turies, biomass burning in savannas, dry-wet tropical forests, and 
Asian lowland dipterocarp forest was a traditional practice with a 
relatively low-level biological impact (Albini, 1984; Clarke, 1976; 
Eden and Andrade, 1988; Janzen, 1973; K e h a n ,  1988; Mills, 1988; 
Russell, 1988; Stott, 1984, 1988; Wilkie and Finn, 1990) as well as 
a natural event of occasionally episodic proportions (Johns, 1986; 
Malingreau et al., 1985; Stemberg, 1968; Woods, 1989). A scarcity 
of widespread historical charcoal lenses in lacustrine and riverine 
sediments in tropical moist forest areas now subjected to repeti- 
tious biomass burning indicates that man-stimulated biomass 
burning was less prevalent prior to the twentieth century (Liu and 
Colinvaux, 1988; Sanford et al., 1985). 

Biomass burning provides a significant input into the overall 
atmospheric budget of particulates and trace gases. Andrasko 
et al. (1990) report that global deforestation and biomass burning 
contribute perhaps 15 percent of the current anthropogenic 
emissions of greenhouse gases. There is increasing documen- 
tation on the scale of tropical biomass burning (Booth, 1989; 
Connors et al., 1986; Helfert, 1983-90; Helfert and Lulla, 1989a, 
1989b; Pereira and Setzer, 1986). Nevertheless, the geographical 
distribution and temporal frequency of biomass burning in tra- 
ditional savanna management and in conversion of tropical moist 
forests to agricultural and grazing uses in SoutWSoutheast Asia, 
Indonesia, Africa, and Latin America is not well understood. 
Confidence in modeling atmospheric, hydrologic, and ecologi- 
cal changes connected with large-scale, repetitive, biomass 
burning is inhibited by a lack of basic geographic, temporal, 
chemical, and physical data. 

In order for global change models to be of predictive and real 
value, confirmatory data on areal extent of change processes 
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are essential (Dickinson and Henderson-Sellers, 1988; Lulla, 1981, 
1983). Our objective in this study is to delineate and map the 
continental-scale biomass burning and smoke palls observed 
over the Amazon Basin using the Earth-viewing photography 
from the Space Shuttle and Skylab missions. The determination 
of the spatial extent of biomass burning and associated smoke 
palls may help provide confident quantitative determinations 
of their environmental impact. 

DOCUMENTATION OF SMOKE PALLS AND BIOMASS 
BURNING FROM THE SPACE SHUTTLE 

The documentation of dynamic Earth phenomena observed 
during manned spaceflights remains the cornerstone of the Space 
Shuttle Earth Observations program (Helfert, 1989), as it was 
with the earlier Mercury, Gemini, Appollo, and Skylab Earth 
observations programs. Details on the camera systems and vi- 
deographic systems used during these spaceflights have been 
addressed in Amsbury and Bremer (1989) and Lulla and Helfert 
(1989). Present Space Shuttle Earth observations are hampered 
by the less-than-adequate windows on the current Orbiters, and 
the lack of a payload bay position for sensors on all flights. The 
primary constraints at present are the windows' narrow and 
restrictive spectral transmissivity (approximately 400 to 800 na- 
nometers) and the geometric distortion across and between the 
multiple-paned windows. Earth observing facilities of more ex- 
acting scientific standards have been proposed for the Space 
Station Freedom. At present, Orbiter window restrictions result 
in the use of two primary film bases in the 70-mm Hasselblad 
and 200-mm Aero-Technika Linhof camera systems. These two 
film bases are color visible (Kodak 5017/6017 Professional Ek- 
tachrome, ASA64) and color infrared (Kodak Aerochrome 2443) 
films. Additional films have been and will be flown, but the 
primary films remain the two above. Despite these restrictions, 
the data acquired by astronauts during their missions are of 
scientific value (Davis, 1986; Edelson, 1986; El-Baz, 1986; Gal- 
legos et al., 1984; Greer, 1988; Helfert and Holz, 1985; Muehl- 
berger and Gordon, 1987). 

Space Shuttle astronauts have documented global tropical moist 
forest areal and pattern changes over time with both photo- 
graphic and videographic equipment. Within the context of this 
paper, large-scale biomass burning and forest clearing in South 
Asia, Africa and Madagascar, Indonesia, portions of Australia, 
and the Americas has been documented in both unmanned 
satellite imagery and NASA space photography seasonally and 
episodically, especially since the late 1970s (Booth, 1989; Con- 
nors et al., 1986; Fearnside 1986b; Helfert and Lulla, 1989; Mal- 
ingreau et al., 1985,1989; Malingreau and Tucker, 1988; Periera 
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and Setzer, 1986; Rogers et al., 1990; Sanford et al., 1985; White- 
head et al., 1990; Wood et al., 1989). Photography from earlier 
spaceflights (Mercury, Gemini, Apollo) is less useful as the early 
photography is composed of more oblique views proportionally 
than is characteristic of the Space Shuttle (1982 to 1990) pho- 
tography (Helfert et al., 1990; Lulla et al., 1989; Whitehead et al., 
1989,1990; Wood, 1989). 

Based on our review of all frames in the entire length-of- 
record (1961 to 1990) of the SSEOO global photography database, 
we recognize that the large-scale environmental changes in the 
global tropics of the 1960s were not as generally pronounced or 
as severe in degree as those observable from space in the 1980s. 
The 1960s data have, nevertheless, been reviewed as a temporal 
baseline, and to ascertain whether the Amazonian smoke pall 
phenomenon, in particular, was evident during equivalent 
Amazonian dry seasons in the 1960s. 

DATABASE USED IN THIS STUDY 
This study focuses on the geographical extent and seasonality 

of large regional-seasonal smoke palls associated with tropical 
moist forest clearing in the Amazon Basin of South America. 
Data used in this study are drawn from the more than 100,000 
frames of NASA space photography taken of the Earth from 1961 
through 1989. An additional geographic-sort, computer search 
of the archive's electronic database produced 520 photographs 
taken of large smoke palls associated with forest clearing activ- 
ities in the Greater Amazon Basin. All 520 smoke pall photo- 
graphs were individually plotted for evidence of biomass burning 
and smoke palls. All smoke pall photography above was ac- 
quired during the Amazonian "dry" seasons (July to October) 
of 1973, 1983, 1984, 1985, and 1988. Another 1,805 non-smoke 
photographs of the Amazon Basin from 1961 to 1989 were iden- 
tified during the geographic-sort computer search and were in- 
dividually reviewed. 

It is recomized that the SSEOO database is temvorallv incom- 
plete, and h a t  manned spaceflights, except for t6e three Skylab 
missions, are of a short duration. Concerning mission coverage 
of the k a z o n  Basin during the annual "dYyv seasons, th&e 
were no manned spaceflight daylight overpasses during the 
Amazonian dry seasons of 1974 through 1982. Specifically, there 
were no manned spaceflights from the last Skylab mission end- 
ing in February, 1974, through the initial Space Shuttle mission 
in April, 1981, other than the short Apollo-Soyuz cooperative 
mission of 1975. Additionally, no photography was obtained 
during the post-Challenger standdown of 1986-87. Addition- 
ally, unique mission parameters and non-repetitive Shuttle or- 
bital paths allowed acquisition of only a few photographs of the 
easternmost Amazon Basin during Space Shuttle missions in 
1989. 

All 2,325 Amazon Basin photographs from the 1960s missions 
(Mercury, Gemini, and Apollo), the Skylab missions (1973 and 
1974), and the Space Shuttle missions (1981 to present) were 
reviewed for this study. Occasional, very isolated smoke plumes 
along the southern periphery of the Amazonian biome were 
photographed during manned missions from 1965 through 1969 
(105 frames), but no large regional smoke palls were photo- 
graphed prior to that first photographed during Space Shuttle 
Mission 8 (1983). 

Plates 1 and 2 are samples of oblique photography of the 
1980's dry-season (July through October) smoke palls in the 
Amazon Basin. Nadir photography of these smoke palls has 
also been acquired, but for purposes of illustration of the size 
and location of the Amazon smoke pall phenomenon, the oblique 
photography is used here. 

Plate 1 is a photograph taken during Space Shuttle Mission 
STS-14 (September, 1984). It is an oblique synoptic view of the 
large-scale Amazon smoke palls. The Orbiter nadir point was 
8.3"s 60.3"W (Southern Amazonas State), with an altitude of 

about 163 nautical miles. The look direction is WSw (approxi- 
mately 255") across the fire plumes and smoke pall from forest 
slash clearing associated with the Polonoroeste Project along 
the spine of Brazilian Road 364 in Rondonia State. The smoke 
pall extends across Bolivia to the Andes Mountains on the ho- 
rizon. The look distance to the horizon in this scene is approx- 
imately 15 degrees of longitude. 

Plate 2 is an oblique photograph taken during Space Shuttle 
Mission STS-26 (August 1988). The Orbiter nadir position at the 
time of exposure was approximately 8"s 63"W over Northern 
Rondonia State. The altitude was 164 nautical miles. The view 
is to the wNw across Rondonia and Acre States of Brazil, North- 
ern Bolivia, and ending in the Peruvian Amazon in the upper 
right. The Andes Mountains of Peru/Ecuador in the upper right 
are at approximately 2"s 78"W. The major forest fire plume in 
the center is approximately halfway between Porto Velho, Ron- 
donia, and ~ i i ~ r a n c o ,  ~ c r e .  The area within this view is trap- 
ezoidal, measuring some 10" of latitude by 15" of longitude. 

Figure 1 was taken during STS-14 (September 1984). This pho- 
tograph documents more isolated forest biomass burning in 
Eastern Mato Grosso State, Brazil, further to the southeast of 
the concentrated burning that has typified the forest clearing 
along BR-364. The centerpoint of this photograph is 21"s 52"W. 
The burning in Figure 1 is more typical of isolated biomass 
burning without large-scale smoke palls that was documented 
in the 1960s. This type of gradual forest erosion continues around 
established plantations, ranches, and farms in the eastern and 
southern Amazonian regions of Goias, Bahia, Mato Grosso, Para, 
and Maranhao States (Brazil) and the other major Amazonian 
biome nations (Colombia, Ecuador, Peru, and Bolivia), as con- 
trasted with block-clearing documented in Rondonia and Acre 
States, and portions of Northern Mato Grosso, Para, and Ama- 
zonas States. 

TECHNIQUES OF MAPPING SMOKE PALLS FROM EARTH- 
VIEWING SPACE PHOTOGRAPHY 

Interpretation of the selected Earth-viewing photography was 
based on a priori knowledge of forest cover, agricultural areas, 
transportation networks, etc. This is essential in order to geo- 
locate and measure with confidence the Amazonian smoke pall 
area. When seasonally present, the smoke palls of the 1980s 
commonly obscure ground features over much of the 5.67 mil- 
lion square kilometres comprising the "Legal" Amazon of South 
America (Landau, 1980). Photograph geo-location is assisted by 
on-orbit camera data recording modules and postflight ephem- 
eris corrections which allow navigation within six krn of Orbiter 
nadir points at the time of photograph exposure. The 520 Am- 
azon smoke scenes were interpreted using standard photoin- 
terpretation and image analysis methods (Estes et al., 1983), and 
all smoke edges and smoke features thereon were geo-located. 

During conversion of the analog photography to digital im- 
ages for computer processing, a set of parameters and an inter- 
pretation key (Figure 2) were developed for digital separation 
of smoke from clouds. The trained classifier was based on inter- 
pretation of the texture, tonal homogeneity, and associated 
morphology of smoke and clouds within each scene. For ex- 
ample, the tonal characteristics of clouds included very bright 
(saturated) irregularly shaped patches as seen on Plate 1 marked 
C. The individual smoke plumes appear as whitisldgreyish cy- 
lindrical or elongated puffy masses. These smoke plumes are 
characterized by enlarging width at the top and narrow base, 
giving them a rough shape of an elongated funnel prior to their 
merging into the overall smoke pall. The arrows of plumes on 
Plate 1 show this pattern. Color and brightness were used to 
distinguish the land areas (see Plate 2, areas marked L) from 
the smoke-covered areas (in Plate 2, SI, S2, S3, S4 refer to smoke 
areas with a variety of tonal and textural properties, and C rep- 
resent clouds). 
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FIG. 1. This September 1984 photograph, also from Space Shuttle Mis- 
sion 41-D, documents isolated forest burning (s), a heat plume (P), and 
cumulus (c) formation in an area of large farms and ranches in the more 
agriculturally developed areas to the south and southeast of Rondonia. 
This region of relict forests and extensive agricultural development is in 
the Brazilian Parana River Basin. The photograph centerpoint is at 21% 
52"W. NASA Photograph 514-44-075. s = Smoke pall. c = clouds. L = Land 
uses depicted 

Landscape features (which remained relatively constant and 
were interpretable) such as mountain ridges and drainage pat- 
terns for visual matching of non-smoke areas were used to nav- 
igate adjacent and overlapping photographs to ensure the 
matching of boundaries. 1:1,000,000-scale Operational Naviga- 
tion Charts (ONCs) were used to derive terrain elements and to 
measure the areal extent of the smoke palls. The Lambert Con- 
formal Conic Projection was deemed appropriate for mapping 
as this projection does not pose serious distortions for large- 
area mapping. Scenes with smoke palls generally had sharp 
boundaries between non-smoke and smoke-covered areas. These 
interpretations were verified independently by an additional 
interpreter. Once the delineation on the ONCs was accom- 
plished, the smoke pall edges for each set of photographs for 
each burn year were transferred to a commercially available 
base map of the same projection for representation. 

RESULTS AND DISCUSSIONS: AREAL DIMENSIONS OF 
AMAZONIAN SMOKE PALLS 

Figure 3 displays our estimations of the areal extent of Ama- 
zonian dry season smoke palls documented during Skylab-3 
(1973) and four Space Shuttle flights from 1983 (STS-8) through 
1988 (STS-26). The sharp increase in the size of Amazonian smoke 
palls becomes clearly established during 1984 and 1985. Data 
from the 1973 Skylab-3 mission was used to gain insight into 
the patterns existing prior to the Space Shuttle missions of the 
1980's. These comparisons show a very slight increase in the 
areas covered by the smoke during the ten-year period, 1973 to 
1983. Photography from earlier missions (to 1962) was also re- 
viewed, but no coherent smoke palls were found during the 
Amazon dry seasons of the 1960s. 

I n t e r o r e t a t i o n  

Diffuse whitishlgreyish 
tones over blue region 

Homogenous texture + 
Elongated greyish funnel 
shaped features + 
Smoke covered 

Pinkish blue area with 
tonal distinctions + 

Heterogenous texture + 
Distinct land use patterns 

Non-smoke 
+ 

Covered Area 

BrightlSaturated 
"dispersed" 
features + 

Clouds/Cloud groups 

FIG. 2. Dichotomous interpretation key used in this 
analysis. 

Smoke Pall Areas 

Aug &Sept 4 Aug 30-Sept 5 Aug 30-Sept 5 Aug 27-Sept 3 Sept 29.03 2 
1973 1983 1984 1985 1988 

FIG. 3. A bar chart of the area of the major smoke palls photographed 
over the Amazon from 1973 through 1988. The major increase in the area 
of such palls came during the period 1984 to 1985. Smoke pall sizes were 
derived by plotting all mission smoke photography onto common base 
maps. 

MAPPING THE SPATIAL PATTERNS OF THE SMOKE PALLS 
In Figures 4, 5, and 6, the spatial locations and areal extent of 

the smoke palls were mapped from the interpretation of space 
photographs. These photographs allow mapping of the geo- 
graphic extent fo tropical smoke palls. This Amazon Basin map 
series demonstrates changes in the geographic focus of these smoke 
palls from their first noted appearance in 1973 in southern Brazil, 
northern Argentina, and Paraguay to the very large palls associ- 
ated with agro-industrial clearing of forests, large colonization 
projects, and roadbuilding schemes in the Brazilian "Legal" Ama- 
zonian regions during the 1980s. For details on the agro-industrial 
evolutionary trends underway in the Amazon Basin and similar 
tropical moist forest biomes, see Barrow (1988), Bunting (1988), 
Fearnside (1989a, 1989b, 1987, 1986a, 1986b), Hecht (1985, 1983, 
1981), John (1988), and Malingreau et al. (1989). 

Our analysis shows that there is gradual movement north- 
ward of smoke pall primary concentrations from 1973 to 1988 
(see Figures 3,4, and 5). In 1973 (Figure 3), the primary burning 
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FIG. 4. The first major smoke palls noted over the Amazon were photo- 
graphed during the Skylab-3 mission in August-September, 1973. These 
palls were most likely associated with agricultural field preparation, crop 
stubble burning, and some forest conversion. Note that most of the burn 
sources were concentrated in the developed open woodlands, savannas, 
and croplands of southern Brazil and northern Argentina. 

was in the large fardlandholder regions of southern Brazil; the 
cerrados of Goias, Bahia, and Minas Gerais; and the forested 
areas of the wet-dry northeast areas (particularly, the Rio Sao 
Francisco region). In the 1980s (Figures 4 and 5), the core of the 
Amazonian burning shifted to middle and northern Para, 
northern Mato Grosso, extreme southwest Amazonas, and al- 
most all of Rondonia State. This 1980s north and northwestward 
shift is related not only to establishment of agricultural areas of 
the Polonoroeste Project along highway BR-364 and its Acre 
State extension, but also to agricultural/ranching developments 
along the Cuiaba-Tapajos and Porto Velho-Manaus highways. 

The clearing and agricultural activity along the axis of the 
original TransAmazon highway complex (Fortaleza-Teresina- 
Maraba-Porto Velho) during our period of observation has, on 
the other hand, remained at a moderately low level. It should 
be realized, however, that cloud cover and lack of nadir-Iooking 
overpasses over southcentral Amazonas State have resulted in 
incomplete observations between the Rios Tocantins and Mad- 
eira between 3" and 8"s. 

Our other analyses and interpretations concerning the north 
and northwest shift of forest clearing are, however, supported 
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FIG. 5. During Space Shuttle Mission 8 (STS-8) in August-September, 
1983, a number of disjunct, small-to-medium smoke pall were photo- 
graphed over most of southern Brazil and northern Argentina. As with the 
1973 smoke pall, most of the activity is probably associated with agri- 
cultural activity. The smoke palls in Bahia, Minas Gerais, and Sao Paulo 
States of Brazil, however, may also have been associated with sugarcane 
conversion to gasohol programs and to industrial fuelwood and backyard 
metallurgical operations receiveing priority incentives at this time. 

by other observers (Malingreau and Tucker, 1989; Molion, 1990; 
Myers, 1988). 

CONCLUSION 

We have reviewed each of the more than 100,000 photo- 
graphs comprising the NASA manned spaceflight database of 
Earth photography in order to determine the frequency and 
areal extent of Amazonian smoke palls over the past 28 years. 
Our analysis and mapping of Amazonian smoke palls shows 
that there is a tenfold increase in smoke pall area since 1973. 
No major palls of any nature were seen during the 1960s dry 
seasons. In 1973 a 300,000 sq km dry-season smoke pall of a 
discontinuous nature was present. By 1985 and 1988, dry-sea- 
son smoke palls increased to become contiguous units of ap- 
proximately 3,000,000 sq km. 

The interplay of forest clearing shifts, smoke pall areal extent, 
topographic influences, and the seasonal persistence and long- 
term opacity of these smoke palls with regional meteorological 
phenomena cannot be determined by using photography from 
short-duration Space Shuttle missions alone. 
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FIG. 6. By 1988, during the first reflight of the Space Shuttle (STS-26), the 
loci of burning in the Amazon had migrated north and west into large 
agricultural colonization and forest conversion areas of the western Am- 
azon. Most of the activity was along the long axis of Brazilian Road 364 
from Cuiaba, Mato Grosso, to Porto Velho, Rondonia, and Rio Branco, 
Acre, on the border with Peru and Bolivia. 

W e  feel it useful to  note  that the  Amazon dry-season smoke 
palls have gradually moved from the southern part of the  basin 
to  the north a n d  northwest following the opening of the west- 
e rn  Amazon road network. By 1985-88, these dry-season smoke 
palis had  expanded to a continental scale, almost covering the 
entire north a n d  west portions of the Brazilian-Bolivian-Peru- 
vian Amazon Basin. Coverage over Amazonian portions of Ec- 
uador, Colombia, Venezuela, and  some portions of Brazil during 
these periods did not allow us to define with confidence whether 
smoke palls were present over the tributaries of the  Amazon 
(Solimoes) north 0" to  2's latitude, o r  east of approximately 
55"W latitude. 

In  our  view, this s tudy also shows  that a n  interactive melding 
of manned  a n d  unmanned  Earth monitoring programs of global 
tropical environmental change, including assessment of tropical 
moist forest geographic changes, will be  possible b y  integrating 
appropriate sensor suites, sensor development programs, a n d  
availability of Earth observations data a n d  opportunities from 
both the forthcoming unmanned polar-orbiting Earth Obser- 
vations System (EOS) and  the 28.5" orbital inclination of the 
forthcoming manned  platform, Space Station Freedom. 
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