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Forest Cover Visible on a Landsat Image

This is a thematic mapper (TM) false color composite image from southern Rondonia, Brazil
acquired using the Landsat 4 and 5 satellites on June 5, 1988. The size of the area identified as
isolated forest is nearly 2 by 9 miles (3 by 15 kilometers). The viewed area is a segment from the
full Landsat satellite image footprint corresponding to path 230, row 69.

By Alex Tait/Equator Graphics. Produced for USAID Vtj the Environment and Natural
Resources Information Center (ENRIC). ENRIC is a project of Datex, Inc., Arlington, Va.
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INTRODUCTION

R
ecent efforts to map and measure the world's tropical forests from

space employ the latest advances in remote sensing, geographic
information systems, and myriad computerized applications.

Images of tropical forest around the world were captured by Multi­
Spectral Scanner sensors on board NASA's Landsat satellites from 1972

until 1993. In the 1980's low resolution imagery from NOAA's TIROS

satellite as well as high resolution imagery from the French SPOT satellite

became available for forest mapping. Global scale mapping of forest

change with this imagery, spurred by global warming concerns, began in
the late 1980's in Europe and in 1992 in the USA.

The results of these global surveys are crucial to humanity's under­

standing of what has happened to tropical forests during a period of

unprecedented commercial and demographic pressures on tropical forests.

The maps and statistics already flowing from these efforts will be extremely

useful in planning and prioritizing actions to manage forested ecosystems

and conserve their biodiversity, as well as model the carbon cycle and

reduce greenhouse gas emissions through tree planting or conservation.

However, forest mapping from space is characterized by technological
complexity as well as innovative solutions to problems of data management,
image interpretation and analysis. Also, diverse institutional actors are tak­

ing part beyond the traditional forest management agencies.

Those who plan and manage programs aimed at conserving forested
tropical ecosystems and their biological diversity need a basic grasp of the

technologies involved, and they must be prepared to make maximum use of
the information generated by these efforts over the next two to three years.

This source book brings under one cover landmark articles and

findings on tropical forest monitoring from space in a presentation that

guides the new-comer to the field through the complexities inherent to the

work. The principal audience is USAID program and project managers

who are planning and managing efforts to conserve biodiversity and avert
global warming.
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THE STATE OF THE ART

Two papers contained in the proceedings of the 1992 World Forest

Watch Conference in Sao Jose dos Campos, Brazill captured the state-of­

the-art of mapping forests and monitoring change in forest cover from

space. Incremental progress since 1992 has not altered the substance or

conclusions of these landmark contributions.

In the first paper, J.P. Malingreau of the Commission of the

European Community's Joint Research Center evaluates the roles of high

and low resolution remote sensors in forest monitoring, the requirements

of vegetation mapping, and the approaches used to monitor condition and

change in forest cover. He concludes with a proposal for global forest

monitoring with remote sensors of low to high resolution that includes an

"alarm function" that can rapidly focus on areas of active change.

Malingreau's proposals are built into the TREES project that he directs out

of Ispra, Italy and have been generally adopted as a practical approach to

global forest monitoring.

Impediments to global forest monitoring are analyzed in the second

paper by Dr. Chris Justice, Goddard Space Flight Center. He noted that

despite the availability for two decades of high resolution satellite

imagery, a comprehensive global assessment of the world's tropical

forests and their rates of change was still lacking. He lists numerous

obstacles to progress, including data, institutional and technical problems,

but observed these were not insurmountable. Progress since 1992 bears

him out, but institutional constraints at all levels remain the most difficult

to overcome. Many national agencies charged with managing forests

resources remain ill equipped to assess or monitor these resources,
whether from space or from the ground. Much more work remains to be

done to coordinate global efforts.

1. Malingreau, J.P., R. da Cunha and C.
Justice (eds.), "Proceedings of the World
Forest Watch Conference." Sao Jose dos
Campos, Brazil, May, 1992. ISPRA, Italy:
Joint Research Council. The meeting was
organized by Brazil's space research
institute - the Instituto Nacional de
Pesquisas Espaciais (INPE) - and by the
Institute for Remote Sensing
Applications of the Commission of the
European Community, ISPRA, Italy.



Destruction of the Brazilian Rainforest

1975

Undisturbed rainforest (magenta) in western Brazil's Rondonia state is shown in this false color
composite of a Landsat satellite MSS image taken in 1975 (path 230, row 69). The light areas (cen
represent natural clearings. The area covered by a single image is 185 x 185 kilometers-34,OOO k
roughly equal to the combined area of Maryland and Delaware.

By Alex Tait/Equator Graphics. Producedfor USAID by the Ellpirollment and Natural
nesources IIl{ormatloll Center (ENRIC!. ENRIC is a project of Datex, Inc., Arlingtoll, Va



1990

This second Landsat image (TM) of the same area taken in 1990 reveals the dramatic conversion to
agricultural landuse that occurred in just 15 years and the accompanying deforestation. One field
alone (top, center) measures 30 kilometers on its longest side. Great numbers of smaller holdings are
seen adjoining local roads at center right The area framed in white corresponds to the enlarged scene
shown inside the front cover
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Satellite Based Forest Monitoring: A Review of Current Issues1

J,P. Malingreau, Institute for Remote Sensing Applications Joint Research Centre, ISPRA (Va), Italy

Introduction

•
Rapid changes in the forests of the world and the increased aware­

ness of the critical environmental role played by those ecosystems have
made urgent the development of an improved understanding of the
nature, distribution, and functioning of the forest cover of the world.
Forests are important natural resources which provide for the daily needs,
sometimes survival and well being of large populations; their sustainable
exploitation requires at the very least a good assessment of their potential
for providing the required services without undergoing an irreversible
degradation process. The need for establishing better accounting proce­
dures for monitoring ongoing changes in vegetation canopies and for eval­
uating their impacts at various scales is thus considered as a major require­
ment in support to long-term economic policy as well as to the emerging
science of global change. Space observation techniques have contributed
for close to twenty years to local and national forest inventories. They are
now increasingly called on to provide regular assessments of changes in
forested areas at scales ranging from national to global. Despite obvious
limitations, they are now expected to provide the main data source for reg­
ular monitoring of the world forests.

The International Space Year 1992 provides a good opportunity to
take stock and better chart the future of earth observations from space to
the service of mankind. The World Forest Watch Conference will give
ample opportunity to discuss and evaluate current achievements and
shortcomings. This paper will therefore not be an exhaustive technical
review of the proposed approaches; these will hopefully be forthcoming
from the individual paper presentations. Here, the intention is mainly to
identify and discuss the main issues related to the use of remote sensing
technologies for forest monitoring. The institutional aspects of this particu­
lar application of remote sensing are discussed in a companion paper
austice,1992).

Man has always shown an ambivalent historical relationship with
the forest; conservation and exploitation, the two extreme ends of the spec­
trum continue to strongly colour the appreciation of the role of the forest in
local economies, national development, environmental protection, global
change studies, etc. It follows that requirements for facts and figure about
the forests are as varied as opinions and positions on the issues. Needs are
as complex as the forests resources themselves, "bewildering in their extent
and complexity." Suffice it to mention here the imprecision surrounding
the term "deforestation" or even the disagreement as to what constitutes a
"forest cover." Furthermore, these requirements do not necessarily follow
the classical division between site specific and global needs. Turning to
space data collection platforms, we have to ask ourselves how these much-

Regular monitoring of world
forests will be by means of

space observation techniques.

1. Published in Proceedings of the
International Space Year 1992 World
Forest Watch Conference, May 27-29,
1992, Sao Jose dos Campos, Brazil.
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vaunted techniques of today and tomorrow can support an information
system capable of answering such a spectrum of needs. The question is
especially relevant if one keeps in mind that remote sensing techniques can
only measure the spatial distribution of a few simple surface physical para­
meters and changes thereof.

An additional complexity is attached to any attempt at defining
needs for data in the field of forest monitoring; it is related to the fact that
most information requirements are naturally expressed at "human scales,"
that is, those which correspond most directly to visual observations or
measurements on the ground. Forest classifications schemes reflect such
perspective as they are based upon criteria such as privileged composition
and vertical structure. These parameters are obviously not directly mea­
surable from space sensors, afortiori from those working at coarse ground
resolutions. One can thus, at the outset, question the relevance of orienting
remote sensing analysis only toward the search, by inversion of a spectral
signal or otherwise, for known ground features (i.e., a known forest class).
There may be, instead, novel information on the nature and dynamics of
·the·forest cover imbedded in the data set, information linked to the spec­
tral and spatially integrating nature of the measurement. Research should
obviously find here a privileged field of investigation. Today, most of the
"common" needs expressed with respect to forest cover form a limited
group of basic information items. Increasingly, however, sophisticated
users, like those investigating problems related to sustainable forestry
practices or the role of forest biomass in biogeochemical cycles, will
address more complex questions which have to be examined with novel
data analysis approaches.

The present review will thus start with an summary description of
the spectrum of remote sensing instruments currently available, followed
by an examination of the current approaches used in vegetation classifica­
tion and parameterisation. The main characteristics of what could consti­
tute a global forest information system are then described.

The Technology

Space based earth observation technology applicable to forest inven­
tory and monitoring is fairly well known and there is no need to dwell
here on the characteristics of the current sensors. The Landsat
Multispectral Scanner, Thematic Mapper, the SPOT Multispectral and
Panchromatic instruments, the Japanese Marine Observation Satellite, and
the NOAA-AVHRR (Advanced Very High Resolution Radiometer) sensors
form the nearly complete list of so-called operational earth observation
instruments. The Synthetic Aperture Radar of the ERS-1 satellite has been
recently added to the panoply, although its application to vegetation stud­
ies is still at a development stage. Extensive literature on the use of satel­
lite for forest surveys exists (for a review, see Photogrammetric
Engineering, Special Issue, 1990). The presentations made at the present
conference testify again to the enormous vitality of this particular sector of
remote sensing applications. A series of' issues regarding current and
future use of those sensors is now discussed; see also Table 1.
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High resolution sensors

Landsat MSS, Thematic Mapper, and SPOT Multispectral instru­
ments, the high resolution instruments (10-80 m resolution), are among the
most commonly used data sources for forest mapping and change detec­
tion at the local to national level. Many countries have, therefore,
embarked upon intensive analysis of such products. Most of the analyses,
outside research, are carried out visually on enhanced photographic prod­
ucts. Increasingly, wall-to-wall acquisition of high resolution data sets are
being assembled and the activities of Brazil are noteworthy in this respect.
By combining a relatively cheap reproduction technique (Le., colour com­
posite or even black and white single channel prints) with labor-intensive
analysis, exhaustive inventories of the forest domain of large regions can
be covered. Proposals are now made to cover the tropical forest portions
of other continents such as Africa and Southeast Asia with "historical"
MSS data in the framework of the NASA Landsat Pathfinder activity. The
Forest Image Catalogue of Europe presented in this Conference is another
application of the extensive use of high resolution data.

This trend-namely, large scale applications of high resolution data
sets-has several implications for the future: 1) It implies that classifica­
tion schemes will be progressively imposed via the exercises themselves.
If, indeed, the use of high resolution data is the practical way to progress
toward a regular monitoring of the world forest at regional scales, the clas­
sification will have to take into account not only the information needs (see
section below), but also the capabilities of the remote sensing technique in
terms of class or attribute identification. 2) If the high resolution is to
become a norm in vegetation monitoring, the pricing of the data them­
selves will have to be such that the exercise can be affordable with an ade­
quate frequency. The role of remote sensing in providing forest informa­
tion as a public good, is to be reemphasized at this point because it should
impinge upon the controversy surrounding commercialization trends.
Pricing questions will be even more critical when the large scale exercises
move from an approach based on visual analysis of photographic products
to one relying upon a computer supported digital analysis. 3) Systematic
and exhaustive coverage of large forested areas require that special atten­
tion be given at the satellite management level to maximize the probability
of acquiring the full data set at the required frequency.

High resolution data are also used as mapping base for inventories
since cartographic accuracies can now be obtained to satisfy mapping
requirements down to 1/50,000 scale. Change detection through the use of
multidate imagery is another important field of application of the high res­
olution data sets. Change detection capabilities depends upon 1) the rela­
tive positioning accuracy of the images taken at two different dates, 2) the
radiometric contrast between the pre- and post-change features and 3) the
size of the transformation taking place. Since change detection using low
resolution data set is limited to situations where drastic and large scale
transformation are taking place, high resolution data-with a resolution
similar to Landsat MSS or better will always be needed for measuring
more diffuse and complex transformations.

Landsat MSS, Thematic
Mapper and SPOT multi-spec­

tral instruments are principal
high-resolution sensors

(10 meters to 80 meters).

Complete wall-to-wall
coverage with high-resolution. . .

Imagery IS expenSIve.

High resolution data will
always be needed for

measuring diffuse and
complex changes in

forest cover.

•
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The high resolution data also play an important role in the interpreta­
tion and validation of low resolution data. The scale difference between low
resolution data and field observations requires this intennediate level of
analysis. At regional or global levels, field verification is most difficult and
the high resolution data then becomes the reference. This point is discussed
further with reference to the low resolution data analysis.

The high resolution data images are also used as part of a multilevel
sampling strategy. For example, in the method proposed by the FAa,
Landsat data are used as units of analysis in a worldwide change assess­
ment exercise based upon a combined stratified and proportional to size
random sampling (see table).

Low resolution sensors

•

•

Low resolution data, such as those provided by the NOAA-AVHRR
instrument (1.1 kIn resolution), have found an increasing field of applica­
tion in forest monitoring in the last few years. Indeed, they appear to pro­
vide a unique compromise between ground resolving power, vegetation
related information content, frequency of acquisition, and breadth of geo­
graphical coverage. Currently, the AVHRR data appear to be the immedi­
ate and short tenn solution to the generation of a comprehensive global
land coverage. Several applications presented in this Conference are
directly based upon the analysis of the low resolution AVHRR data. While
a number of problems still plague such application, it appears clearly that,
although poorly suited for forest monitoring, the AVHRR will provide the
main operational source of data on forest cover at continental to global
scales for several years to come. Several large scale projects have, therefore
embarked upon the acquisition and analysis of "wall-to-wall" AVHRR
data sets. The TREES Project (Myers, TREES, 1991) is currently collecting a
suitable AVHRR data set (1989-1992) for forest analysis over the entire
tropical forest belt of the world; the completion of the first phase of the
exercise is planned for mid-1993. Regional exercises of similar nature are
under progress in various national or international institutions (UNEP­
GRID, NASA-GSFC, Woods Hole Research Institute, etc.). The IGBP-Data
and Infonnation System has initiated the collection of a global AVHRR 1
kIn data base for land applications (IGBP,1992). The work is progressing
under the technical leadership of NASA, NOAA, USGS-EDC, and ESA.
The experience gained in the analysis of AVHRR data for forest monitoring
and in the preparation of the above mentioned large-scale projects bring
about a series of important issues:

• AVHRR 1 kIn full resolution data come from local receiving stations
with the exception of limited on-board recorded data sets; a global cov­
erage therefore requires the networking of stations distributed around
the world. Truly global data sets already exist under the sampled for­
mat at a nominal resolution of 4 kIn (GAC product). This coarser resolu­
tion is considered insufficient for the need of forest mapping and inven­
tory (see, however, remarks on seasonality analysis in the section below).

• Substantial efforts are required to preprocess AVHRR data sets for geo­
metric and radiometric correction and calibration. With respect to forest

AVHRR 1 km resolution data
are the immediate solution for

global land coverage.
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mapping and monitoring where the accurate measurement of canopy
physical parameters are not required, this preprocessing can be some­
what reduced but still bears heavily on the logistics of AVHRR analysis.
The five channels of the AVHRR are to be exploited for optimizing the
analysis (NDVI alone does not provide adequate information).

• For most forest mapping applications, a major operation in the AVHRR
methodology is the search for acceptable images through a screening
process. This burdensome activity involves the painstaking display and
evaluation of every daily orbit pass. It is only through mosaicking that
large areas can be covered; cloud cover, haze, smoke, and other acquisi­
tion problems can make the search for suitable AVHRR passes a time con­
suming task. An assessment of the usefulness of the AVHRR approach
for forest monitoring should not be made before this screening exercise
has been fully conducted. Quick looks as produced by space agencies or
GAC time series of individual channel images can facilitate the screening.

•

• The analysis consists essentially in the local search for contrasts
between vegetation forms in one or more spectral channels. There is
obviously no methodology which can be applied across the board since
the reflectance characteristics, spatial mosaics of vegetation, atmospher­
ic effects, seasonality effects, etc., introduce considerable variability
across regions.

• The seasonality of tropical vegetation is an important classification crite­
ria and a fundamental ecological characteristic. When captured by time
series of AVHRR data, seasonal variations are useful keys to the identifi­
cation of the vegetation formations. This approach can be based upon
sets of AVHRR 1 km data obtained at crucial time windows during the
season or upon more continuous time-series of vegetation index data
such as those derived from the GAC product (see section 3).

• Additional clues to the detection and identification of deforestation
processes can be obtained via the use of thermal channels which can
detect the presence of fire. Burning is a common way to clear the land
after the cutting of vegetation in many parts of the world. Burning pat­
terns as shown be satellite data (active fires or burn scars) are apparent
on the middle infrared AVHRR channels.

• The high resolution data play an important role in the validation of low
resolution data. Given the scale disparity between the AVHRR resolu­
tion and coverage and that of field verification, it is useful to start with a
comparison With the high resolution data sets provided by the Landsat
MSS, TM, or SPOT. Inversely, the global perspective afforded by the
AVHRR can help in the sampling design used for the selection of sites
for higher resolution analysis (stratification and purposive sampling).
The AVHRR analysis is considered "validated" not only if the classifica­
tion information is confirmed (or infirmed) but also if a coefficient is
applied to the low resolution measurement to take into account the
effective forest cover in the 1 km pixel (mixed cover). This type of
analysis is usually difficult to perform on a pixel basis and, usually,
one has to resort to a regional validation (using, for example, concepts

Seasonal variations in
vegetation can be

captured by AVHRR.

Burning patterns as shown
be satellite data (active fires
or burn scars) are apparent

on the middle infrared
AVHRR channels

•

•
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of disturbance areas, fragmentation, regional forest/nonforest patterns).
Clearly, there are still significant methodological gaps in combining the
information derived from sources operating at different resolutions and
geographic coverages.

Remote Sensing Measurement of Forest Parameters

Three groups of forest parameters form the core of current
requirements: they pertain to the vegetation classification, to the changes
in vegetation cover, and to surface physical parameterisation.

Mapping vegetation by remote sensing

•

•

This represents the most common operation using remote sensing
observations; it consists in separating spectral data provided by the sensors
into groups which can be associated with physiognomic vegetation classes.
While the classes are often identified on the base of floristic composition,
structure, and ecoclirnatic zone (Le., ombrophilous evergreen rainforest),
remote sensing classification will be based upon a set of spectral measure­
ments only. The classification will be accurate insofar as those measure­
ments are unambiguously associated with a particular vegetation class.
While this may be possible for the most contrasted classes (Le., forest cover
and clearings), the level of classification accuracy will vary depending upon
the complexity of a particular association of vegetation forms (as for exam­
ple in successional stages). Given the enormous spatial variability of spec­
tral characteristics of surfaces, and the unique ability of the human brain to
integrate spatial patterns of spectral features, visual analysis of spectral data
appears to be the most reliable, if not the fastest, approach to the analysis.
The vegetation cover of large areas is therefore often studied through a
visual analysis of adequate photographic representations of the data (e.g.,
red channel image and color composites for deforestation measurement of
the Brazilian Amazon basin). Internal consistency is usually maintained by
using the same individuals or teams of interpreters. Outputs from such
analyses are then incorporated in geographical information systems in
which they are integrated with other information layers. There is currently
a large demand for the products derived from such analyses and several
country surveys proceed in such manner. There is, to our knowledge, no
proposal for standardizing or automatizing the procedure.

A standardization of classification schemes or a least attempts at
assuring compatibility between them at the higher level of the hierarchy of
classes are essential. There is thus a need for a classification framework
with local and national classifications compatible with the requirements at
global scales.

Classification problems are quite different when one deals with low
resolution data. In this case, there are fewer landscape clues which can be
obtained to guide the analysis which relies more on the reflectance or emit­
tance values in a few spectral channels. Questions of contrast between a
forest canopy and other cover types determines the easiness with which a
formation will be identified. Furthermore, given the large variability asso­
ciated with spectral characteristics of vegetation cover, there is often a lirn-

Remote sensing classification
of vegetation is based on

spectral measurements only.

Compatibility ofvegetation
classification schemes

is essential.
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ited possibility of defining spectral signatures; spectral contrasts alone are
used. Some spectral channels will work better in some situations than oth­
ers. For example, large forest blocks isolated in the middle of an agricul­
tural area will be well identified using brightness temperature contrasts,
while primary forest blocks in the middle of secondary and less structured
vegetation will be seen as area of lower near-infrared reflectance. The
question of resolution arises with respect to the accuracy of positioning the
boundary between two cover classes; the impact of the low resolution pix­
els upon the accuracy of measurements of surfaces depends obviously
upon the perimeter/surface ratio of the unit to be identified. High perime­
ter to surface ratios lead to a thicker boundary zone of mixed pixels and
thus reduces the accuracy.

It is worth noting that with the increasing population pressure on
forest resources, growing proportions of "forested" landscapes will be
occupied by mosaics of cover types in various proportions and not as in a
more recent past by "pure" formations (which by the year 2000 may be
found mainly in plantations and natural reserves). Classifications have not
properly addressed the identification of such degraded ecosystems; the
problems associated with the classification of woodlands and tree savan­
nah illustrate such difficulties.

Detecting and measuring changes by remote sensing

The transformation of the forest cover into another cover type is the
result of the deforestation process. Such transformation can assume many
forms, and again the accuracy of change measurement will depend upon
the ground resolution and the spectral discrimination between surface fea­
tures. In theory, change detection using spectral data does not require the
preliminary identification of the constituting land cover types. However,
the interpretation of changes in ecological or other terms requires that the
characteristics of the beginning and end terms are known. Relative evalua­
tion of change can be attempted if one only searches for the disappearance
of one class without addressing the problem of identifying the replacement
class. This is the case in forest/nonforest classification exercises.

Changes can be clear or diffuse, slow or fast, creeping or catastrophic.
An effective monitoring requires that instruments and procedures be
designed with those characteristics in mind. Even so, it will be difficult to
ensure that all types of changes will be measured or even detected. Among
the most pressing issues is the definition and examination of the concept of
forest degradation. The urgency of the topic is driven by field observations
around the tropical belt which show that there is a wide variety of defor­
estation patterns leading to degradation and that some of those patterns are
more environmentally damaging than others. Work must now proceed
with some urgency on a better characterization of spatial patterns of change
at various scales (stand, regional, subcontinental, etc.) and under the exami­
nation of observation instruments of various resolutions. A typology of for­
est/nonforest patterns and of the mechanisms and feahtres of their transfor­
mation through time would be highly valuable to better assess parameters
related to impacts, sustainability, productivity, biomass, and the like. A

With increasing population
pressure on forest resources,

growing proportions of
''forested'' landscapes will be
occupied by mosaics of cover
types in various proportions
and not as in a more recent
past by "pure" formations.

Among the most pressing
issues is the definition and
examination of the concept

offorest degradation.

•
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common and structured typology would, in addition, present the advan­
tage of offering a common framework for inventory and analysis.

•

•

The FAa Forest Resource Assessment Project has based its change
detection methodology upon a stratified random sampling using Landsat
TM or MSS data at two dates interval (ten years). The sample covers one
tenth of the forest domain. H suitable satellite data are available the entire
forested area will be covered in the course of ten years. This approach
which does not lead to a spatial characterization of change leads to the pro­
duction of aggregated statistics on rates. Other approaches to change
detection using global AVHRR data set, and a range of ancillary data have
also been proposed. They are based on the stratification of the whole trop­
ical forest domain and a focussing on "hot spots" or active deforestation
areas in priority for the measurement of change, using higher resolution
data sets for those selected areas only (TREES, 1991).

As is usually the case, the value of any information derived from
remote sensing data will be greatly enhanced if its is integrated into a spa­
tially explicit geographical information system. This latter will bring infor­
mation related to other landscape (i.e., soils, climate, river network, field
measurements of biomass, and timber volumes, etc.) or societal characteris­
tics (roads, population densities, migration patterns, etc.) important to
understand patterns of deforestation and at some stage to develop capabil­
ities to predict spatio-temporal trends. Geographical information systems
are also useful tools for testing hypotheses with respect to possible scenar­
ios of change in the determinants of deforestation. The experience in the
use of such integrated GIS Remote Sensing systems is growing and appli­
cations will be reported at all levels of analyses during the Conference.

Forest s~asonality

Seasonality is a character explicitly used in tropical forest classifica­
tion; it is mainly related to rainfall patterns (by opposition to temperature­
controlled seasonality in temperate areas). While such classification is
often binary in the sense that it considers that a forest is seasonal (or semi­
seasonal) or not, it avoids the question of intensity or even"facultative­
ness" of the seasonality character. Seasonality in spectral signal is also an
important mapping criteria; yet, time series of satellite data will usually
show gradients of seasonality more than a clear-cut distinction between
evergreen and deciduous classes. Furthermore, satellite data taken over a
long period of time show that interannual variability must also be taken
into account in the classification.The enormous spatio-temporal variability
of the satellite signals is more particularly seen in parts of southeast Asia
or Africa where altitudinal and latitudinal gradients control the distribu­
tion of seasonal formations. The spectral distinction between a dry dipte­
rocarp and a mixed deciduous forest of northern Thailand and Myanmar
is, for example, notoriously difficult even with high resolution data sets.

Time series of satellite derived vegetation index data are now avail­
able for over ten years from the GAC product; they show a continuum of
signal amplitudes as ones goes from the typical"evergreen" to the more sea-

Remote sensing information
is greatly enhanced by

information on soils,
climate, and field

observations integrated
through GIS.

Seasonal change and
disturbance affect the

spectral "behavior"
ofvegetation.
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sonal formations (Malingreau, 1990). Such canopy related information is rel­
evant for a series of analyses: seasonal flushes affect evapotranspiration, pri­
mary productivity, and geochemical cycles. Drought and stress related to
seasonal effects are also an indication of forest susceptibility to fire, a com­
mon agent of land conversion in the tropics. Clearly, there is a host of infor­
mation in time series of remote sensing data on forest canopies which has
been little exploited so far, be it for classification or process studies.

The detection of changes in the forest canopies, such as those associ­
ated with climate change or degradation will be possible only if the anom­
alies can be detected in a typical spectral "behavior" of the particular vege­
tation class. For example, preliminary indications are that the transforma­
tion of an evergreen forest cover into a mixed mosaic of regrowth vegeta­
tion types will affect the seasonal vegetation index signal in the direction of
higher amplitude and higher sensitivity to weather conditions. Such
hypothesis, if confirmed, offer a useful way to study forest degradation.
Understanding the seasonality and fragmentation of vegetation cover is,
therefore, indispensable to progress in the study of the woodlands and sea­
sonal forests which have received less attention from the research commu­
nity than temperate or closed rainforest. Yet, most of the exploitation of
woody biomass is taking place in those mixed tree-shrub-grass ecosystems.

The application of these methods to the continuous monitoring of
forest cover can only be achieved if a continuous data acquisition and pro­
cessing system is established. As already indicated this seems currently
possible, albeit with appreciable logistic difficulties, using the AVHRR 4
kIn GAC data sets. The TREES project will integrate the map results from
the 1 kIn AVHRR analysis with the seasonal information derived from the
GAC time-series analysis.

Toward an Operational System of Forest Monitoring

The development of remote sensing techniques for forest monitoring
shows various levels of maturity, depending upon the instrumentation and
the scale of application. While some aspects of high resolution image analy­
sis are fairly straightforward, those related to large-scale coverage or low
resolution image exploitation arc in the development stage. The last five
years have shown, however, that prospects are broader than what had been
foreseen only a few years ago. New dimensions are clearly brought into the
analyses by the growing availability of extensive coverage with high resolu­
tion data sets (Landsat and SPOT) and by the extensive and repetitive cov­
erage with low resolution data sets (AVHRR). The temporal dimension of
those analyses has been radically revised by the appearance of projects will­
ing to invest in the processing and analysis of historical data sets (for exam­
ple, NASA Landsat Land Cover Change Pathfinder Project) and in the col­
lection and handling of long-term frequent measurements over large areas
(for example, IGBP improved and global land cover data sets).

These activities must be sustained and expanded in order to move
towards an effective satellite-based global monitoring system. The main
features of such a system can be summarized as follows:
• it must incorporate global and national objectives, analyses and results

must be amenable to "nesting" at different scales,

The study of the woodlands
and seasonal forests has

received less attention from
the research community than

temperate or closed rainforest.

•

•

•
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• validation must be a constant concern and built in the
operational procedure,

• results of the remote sensing analysis must feed into a more comprehen­
sive forest information system,

• the system must support forest planning and management as well as
scientific objectives,

• it must include a continuous monitoring system component providing
an "alarm function" as well as capabilities to rapidly focus on areas of
active change (hot spots/ active fronts, pressure areas, etc.), and

• it must include a regular extensive coverage of all forest areas by high
resolution instruments for measuring change within an accuracy of
ten percent.

The remote sensing components of such a forest assessment system
are summarized in Figure 1 and briefly described below:

Low resolution component

1. Continuous and wall-to-wall coverage of all land surfaces with
appropriate spectral channels (at a minimum red, nir and thermal), at a
medium to coarse resolution (250 to 1 000 m) for a general monitoring of
vegetation distribution and conditions.

2. This global system should be capable to distribute data to local
users for the area in range of a station and to assemble in a central location
a complete archive of all acquisitions (non-sampled). The AVHRR experi­
ence can be used as a model.

3. This global analysis is to be validated by high resolution data and
field verification, the design of which should be established via statistical
procedures. Research and development can contribute to the drawing of
specifications for improved information extraction procedures at low reso­
lutions (modeling).

4. High resolution systems should be on standby to focus on area of
active deforestation as detected by a so-called alarm system based upon
low resolution satellite and other, more conventional, data sources.

High resolution component

1. A regular (every three to five years) comprehensive assessment
of forest cover is to be made using high resolution data sets such as
Landsat TM. National and local mapping and monitoring activities con­
tribute to such an objective by being integrated into the global assessment
(for example, via regional centers). This requires a level of agreement on
a hierarchical classification amenable to progressive generalization.

2. High resolution data sets should be made increasingly available
in a distributed fashion; if commercialization can contribute to such dis­
semination it must established a price structure which makes it possible.
Better access also means financial conditions facilitating the access.

3. A geographical information system is a major component of the
exercise leading to what we have labeled here an Advanced Forest
Information System.

An "Advanced Forest
Information System II would

include a continuous low
resolution monitoring
component that would
signal 'hot spots / to be

observed with high
resolution sensors.
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Conclusion

The urgency of acquiring precise and up-to-date assessments of for­
est conditions around the world is clearly exerting a strong pull on remote
sensing techniques. Forests are widely dispersed, complex and dynamic
systems which are amenable to the kind of observations provided by
orbital sensors. Remote sensing techniques have already contributed to
improving our knowledge of those ecosystems. Efforts must now concen­
trate on the integration of the experience and results into truly global and
multilevel exercises. The joint availability of low and high resolution sen­
sors, each with their particular technical characteristics and mode of opera­
tion is a fundamental requirement for establishing operational observation
systems. Furthermore, the level of sophistication of the applications
should progressively match the complexity of the host of problems raised
by defining a sustainable path toward the exploitation of the world forests.
If technology and applications must continuously be improved, enhancing
institutional support and developing adequate scientific expertise are also
high on the priority list.

The International Space Year World Forest Watch has stimulated a
renewal of interest around the world in issues surrounding the continu­
ous assessment of forest resources. The ISY-WFW programme should
now continue.
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Figure 1: Remote Sensing Components of a Forest Assessment
Information System
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Table 1:

Available Technology:

Assessment:

Current Technology and a Summary Assessment of Its
Relevance for Forest Monitoring

1. High resolution sensors « 100 m resolution)
(essentially landsat mss, tm, spot, mos) four functions

• local to national forest inventories
• validation of low resolution analyses
• sampling for change detection
• trend toward wall-to-wall coverage

2. Low resolution sensors (> 1000 m resolution)
(essentially noaa - avhrr 1 km lac/hrpt) three functions

• wall-to-wall mapping, basic classes
• stratification frame for sampling
• change detection, 1/ alert system" annual and interannual

(directly or through indicators)

3. Microwave (spacebome sar) applications to vegetation monitoring
under development

1. High resolution

Advantages
• coordinated reception network
• adequate spectral range for classification of major vegetation forms

with limitations in secondary vegetation identification
• may provide key cover parameters such as fractional cover
• lend themselves to digital and visual analysis on photographic products
• adequate ground resolution for local to national mapping requirements

(1/25 to 250,000 scales); topographic mapping capabilities (spot)
• allows identification of major deforestation patterns
• good registration and radiometric normalization is feasible allowing

change detection. long-term studies are possible (1972-92)
• coverage is in principle global

Drawbacks
• volume of data is very large
• level of detail may be excessive for intended application: need for

synthesis, generalization
• there is no systematic acquisition policy for adequate forest coverage

(comprehensiveness and frequency)
• acquisition frequency cannot be guaranteed for change detection over

large or dispersed areas
• cost is prohibitive for large area coverage (data acquisition and analysis)
• developments are needed in middle infrared and thermal spectral

range for process studies

•

•

•
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Table 1 cont.: Current Technology and a Summary Assessment of Its
Relevance for Forest Monitoring

2. Low resolution

Advantages
• coverage is truly global (4 kIn gac, and in near future 1 kIn hrpt/lac),

wall-to- wall can be attempted
• reception, archiving is distributed and centralized
• high frequency of acquisition increases probability of clear coverage

and allow the establishment of time series
• use is regional and global
• long-term studies are possible (1982-92)
• spectral channels are appropriate for generalized radiance measurements

relevant to vegetation characteristics (photosynthetic activity, structure)
• thermal channels are available for biomass burning identification and

canopy brightness temperature measurement.
• unique exploration material; experience in its use is growing
• relatively cheap

Drawbacks
• spectral bands selection can be improved
• classification must be compatible with low resolution information
• distributed reception is still necessary for forming a 1 km global

product, networking is a must
• large volumes of data to screen
• heavy preprocessing requirements
• poor calibration of instruments
• not suitable for spatial change detection in many cases
• shortage of experienced manpower for handling large data sets and

scientific expertise to analyze vegetation at those scales
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Satellite Monitoring of Tropical Forests:
a Commentary on Current Status and Institutional Roles!

Chris Justice, University of Maryland/NASA-GSFC, Greenbelt, Maryland 20771, USA

Introduction

The International Space Year (ISY) provides an opportunity to review
the successes of space technology to monitor the environment and provide
information for improved management of global resources and the science
of global change. The significance of tropical deforestation in terms of the
carbon budget, biodiversity, ecosystem fragmentation, and environmental
degradation is now well recognized. Space technology has an important
contribution to make to the study and monitoring of tropical forests.

When in the context of the ISY, we assess the contribution of space
technology, we can, for example, identify the recent success of the Brazilian
Instituto Nacional de Pesquisas Espacias (INPE) in developing a national
satellite-based forest monitoring program. We can identify the success of the
ISY World Forest Watch (WFW) in providing a forum for discussion of
remote sensing forest monitoring methodologies and results. We can identi­
fy the development of remote sensing based national forest monitoring pro­
grams by the Thai and Indian forest services. We can recognize the integra­
tion of remote sensing in a global tropical forest assessment by the United
Nations Food and Agricultural Organization (UN/FAO). We could even
point to the recent progress in the development of satellite-based microwave
systems. However, it would be incorrect to acclaim satellite-based tropical
forest monitoring as an unequivocal success. After twenty years of high res­
olution satellite data we still do not have a comprehensive global assessment
of the real extent of the world's tropical forests or their rates of change, that
can be used by the science and forest management communities.

•

•
Various satellite-based techniques for tropical forest monitoring are

available and will be discussed during the WFW Conference. However,
most of the national forest agencies within the tropics do not have the
means to undertake operational satellite monitoring at a national scale.
Although the technology has been available for almost two decades, until
recently there has been no concerted effort to undertake comprehensive
tropical forest monitoring on regional or global scales. There has been no
initiative to coordinate the various agencies needed to implement a com­
prehensive program with sufficient resources to be effective. There are
several major obstacles to achieving the objective of a global tropical forest
assessment. With the current international focus on the global environ­
ment and development, it is time to review the previous experience and
current status, identify the major obstacles to advancement, and to design
and implement a strategy to provide an effective operational satellite-based
global tropical forest monitoring program.

Until recently there has
been no concerted effort

to· undertake comprehensive
tropical forest monitoring

on regional or global scales.

1. Published in "Proceedings of
International Space Year 1992", World
Forest Watch Conference, May 27-29,
1992, Sao Jose dos Campos, Brazil. •
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Information Needs

It would be naive to imagine that satellite data can satisfy all our
information needs associated with tropical forests; clearly they cannot.
There is a range of information needs from different communities and at
different spatial scales from local to global.

At the local scale the needs of the global change science community
differ from the forest management community. Forest managers require
timber inventories, for example, before and after logging, and are con­
cerned largely with the commercial assessment of the forests. At this scale,
the science community is concerned, for example, with obtaining data on
biomass density, gas fluxes, species composition, soil erosion, and ecosys­
tem processes. Satellite data have little to offer at this scale and the data
needs are met usually by a combination of field data and large- scale aerial
photography. There is some possibility that the highest resolution satellite
data such as the 10m data available from the System Probatoire pour
l'Observation de la Terre (SPOT) may provide useful information but the
contribution will be limited, as compared to the overall information needs.

•

•

At the national and global scale there is considerable overlap
between the information needs of both forest managers and scientists. At
the national scale forest managers are concerned for example, with forest
type mapping, forest resource planning and forest reserve monitoring.
They are also mandated with providing regular national assessments of
forest area and estimation of rates of deforestation. The international forest
community is interested in information on the state of national forests in a
development assistance and commercial trading context. At this scale, the
science community is concerned for example with carbon budget analyses
incorporating the extent and rates of deforestation and regrowth, the
extent of ecosystem fragmentation, the impact on biodiversity and regional
hydrological modeling.

High resolution remotely-sensed data can be used to augment the
conventional methods for forest assessment at the national scale and, in
many cases, may be the only way to derive a timely estimate of forest real
extent and rates of deforestation. Similarly, they can be used to assist in
the mapping of broad forest types. It should be noted, however, that when
using optical sensors, there are limitations to using high resolution data to
detect selective logging or forest degradation which does not significantly
alter the appearance of canopy cover.

At the global scale the international community is concerned with
global trends in an economic and, more recently, an environmental policy
context, and the interest of the national level forest management communi­
ty is less obvious. The United Nations Food and Agricultural Organization
(UN/FAa) has the mandate to conduct a global forest assessment every
ten years. To date, the FAa assessment has been the source most com­
monly used for obtaining global forest information. The approach adopted
by FAa has been to aggregate the available national information.

High-resolution
remotely-sensed data

can be used to augment
the conventional methods

for forest assessment.

There are limitations to
using high resolution data
to detect selective logging

or forest degradation.
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At the global scale, the science community is concerned for example
with the role of tropical forests in global climate and biogeochemical cycle
modeling and global biodiversity assessment. They are also concerned
with the evolution of tropical forests as a result of different types and
intensities of land use and the potential impact of climate change on the
tropical forest ecosystems. In summary, at the national and global scales
both science and management communities need an accurate assessment
of the real extent and spatial distribution of forest, a description of forest
type, the rates and spatial distribution of deforestation, and future trends.

The general sparsity of information has resulted in the science com­
munity using the only available data, which are often out-of-date, summa­
rized by political units and largely inadequate for their purposes. For
example, a recent study used the FAO 1980 forest statistics to estimate
regional trace gas fluxes from the tropics (Hao, et. al., 1990). The FAO
data had neither the geographic specificity or the accuracy statements to
permit reliable estimates to be derived.

.If we are to go beyond a simple tracking of the progress of deforesta­
tion and move towards effective regional planning or predictions of future
carbon fluxes, we need to develop models which are spatially explicit. A
series of regional base maps of the forest area with the spatial extent of
deforestation and regrowth taken at three successive time periods would
provide the starting point for such modeling. However, the modeling of
future trends in deforestation is a major challenge, requiring an interdisci­
plinary approach. Socioeconomic data, including population dynamics,
macroeconomics and infrastructure are required inputs to more sophisticat­
ed predictive models. Unfortunately, the spatial data sets needed to devel­
op such an information system are also very poor for the tropics.

Past Experience and Current Status

In the following commentary only tropical forest monitoring at nation­
al and global scales which can be addressed using satellite data are discussed.

National scale

Estimates of the real extent of tropical forests and the rates of defor­
estation are currently being made by a number of different groups result­
ing in statistics which range from wild or educated guesses with no error
estimate to satellite-based estimates with a known error. The different
approaches and classification schemes result in conflicting or incomparable
estimates and confusion in the literature.

In some cases national forest services are able to provide timely esti­
mates of known accuracy. In other cases the task is taken up by those with
the means to access and interpret the satellite data. In some cases there is
duplication of the work with little or no collaboration. For some countries
there is no reliable current assessment.

At the national and global
scales both scientists and
forest managers need an

accurate assessment of the
areal extent and spatial
distribution offorests, a

description offorest type,
the rates and distribution

of deforestation, and
future trends.

Conflicting or incomparable
estimates exist for the extent
offorest cover and the rates

of deforestation in
different countries...

•

•

•
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The process of developing and implementing a satellite-based moni­
toring system involves several interrelated steps (Figure 1). Effective mon­
itoring of the tropical forests will require several organizations and agen­
cies performing the different steps and working in concert. Difficulties in
communication and funding and differences in institutional capability and
objectives have resulted in very few concerted efforts. In some cases
national space agencies are undertaking the complete sequence of data
acquisition, analysis, interpretation, and evaluation. Although this may
provide the most direct means of generating the data, the interpretation
could benefit from the local expertise of the forestry community. The
resulting data may serve some of the immediate needs of the science com­
munity but does not necessarily help to transfer the technology into the
hands of the forest management agencies which ultimately must undertake
the task of timely national forest monitoring and improved resource man­
agement. A more satisfactory approach is to have the space agencies
working in close collaboration with the forest services taking responsibility
for different components of the monitoring program.

Global scale

As part of the 1980 Tropical Forest Assessment, a small pilot study
was undertaken by the FAa in conjunction with the United Nations
Environmental Program (UNEP) Global Environment Monitoring System
(GEMS) using Landsat data to map the forest cover of Togo, Benin, and
Cameroon. The study provided new primary spatial data on forest extent
but was not extended to cover other regions of the tropics with poor forest
statistics. A decade later, the FAa 1990 Tropical Forest Resource
Assessment Project reviewed the role of satellite data and decided to incor­
porate satellite data interpretation as an integral part of their methodology.
Both wall-to-wall mapping using the National Oceanographic and
Atmospheric Administration-Advanced Very High Resolution Radiometer
(AVHRR) 1 km data and a global sampling of deforestation rates using
Landsat image pairs were adopted by the project. The 1990 Assessment, in
cooperation with other organizations, has supported AVHRR 1 km forest
mapping for West and Central Africa and is currently in the process of
coordinating the interpretation of 117 sample Landsat image pairs by
selected national forest agencies. The 1990 Assessment consists of a compi­
lation of national statistics supported by sample satellite analyses.
Considerable effort was given to designing a global methodology and a
sampling strategy using Landsat to provide representative global statistics.
It is expected that this approach will provide considerably improved global
estimates over the 1980 Assessment. It will not, however, generate the
comprehensive spatial assessment needed for national forest management
purposes or for such science analyses as regional carbon modeling.

The 1990 Assessment Project has recently submitted a proposal to
FAa to expand the project to a Continuous Forest Assessment. The propos­
al adopts the current methodology, sampling one tenth of the tropical
forests each year, with the additional support of three regional centers. The
proposal has been accepted by FAa and is currently seeking donor support.

There have been very few
concerted national efforts to

monitor and assess forests
with satellite sensors.

The FAG 1990 Tropical
Forest Resource Assessment
Project reviewed the role of

satellite data and decided to
incorporate satellite data

interpretation as an integral
part of their methodology.
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In the absence of a complete wall-to-wall assessment, the Joint
Research Centre aRC) at Ispra of the Commission of the European
Community (CEC) has initiated a global AVHRR 1 kIn forest mapping pro­
ject for the tropics. The project called TREES will analyze data from a
number of AVHFRR ground receiving stations and is planned for comple­
tion in 1993.

•
Recently, the United States National Aeronautics and Space Agency

(NASA) has initiated a Landsat Land Cover Change Pathfinder Tropical
Deforestation project which will provide multiple wall-to-wall Landsat
analysis for the humid forests of South America, Central Africa, and
Southeast Asia. Historical data will be compiled and new data will be col­
lected providing an assessment for three epochs (1972-73, 1985-86, 1990­
92). One of the objectives of this project is to make these data widely avail­
able as part of the EOS Pathfinder activity.

Current Obstacles to Progress

The current obstacles to developing a comprehensive satellite-based
tropical forest monitoring program can be divided into three categories:
data problems, institutional obstacles, and technological limitations.

Data problems

The primary obstacle to the use of high resolution satellite data for
national-scale monitoring is cost. Commercialization of high resolution
data in the mid-1980s, and the associated increase in data cost and acquisi­
tion fees, has effectively prohibited extensive use of these data. This is par­
ticularly the case for the forest management community of the developing
world which is severely constrained in terms of funding.

Data availability is also a problem for large parts of the tropics. In
the early 1970s, the United States Geological Survey (USGS), which was
managing the Landsat program, attempted to provide complete one-time,
global cloud-free coverage. Following commercialization, images were
acquired by Earth Observation Satellite Company (EOSAT) and SPOT
Image, in answer to specific data orders. The small number of requests
has meant that for large areas of the tropics, historical data coverage is
sparse. In regions with ground receiving stations, data coverage is better
and the acquisition policies have commonly resulted in systematic and
comprehensive coverage. With the proposed changes in the satellite
access charges this systematic coverage by the ground stations may be
reduced. Access to, and quality of the Landsat Multispectral Scanner
System (MSS) from the early 1970s, are also problematic. The early MSS
data were stored by the United States Geological Survey Eros Data Center
(USGS/EDC) on wide-band video tapes. Although part of that archive
was transcribed onto a newer format, EDC no longer supports the equip­
ment to read these early data and some are now inaccessible in digital
form. Those requiring data from this part of the archive are obliged to use
photographic products. In addition, the quality of the Landsat 1 and 2
MSS data can present problems for interpretation. These data exhibit

The primary obstacle to
the use of high-resolution
satellite data for national­

scale monitoring is cost.

For large areas of the
tropics, historical data

coverage IS sparse.

•

•
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detector banding and dropped lines which were removed in subsequent
missions by improvements to the detector.

The problem of data availability is compounded by persistent cloud
cover in some parts of the tropics. The combination of infrequent acquisi­
tion and persistent cloud cover makes the historical archives in some areas
very patchy. Microwave imaging systems could provide some improve­
ment over optical sensors but currently their data availability is limited.
There have been a few successful airborne radar campaigns and the remote
sensing community has some experience with microwave data for some
parts of the tropics. However, in general, the forest services have had little
exposure to microwave imagery.

•

•

The European Resource Satellite (ERS-l) and the Japanese Earth
Resources Satellite (JERS-l) will provide microwave data for parts of the
tropics but will require a significant amount of research and development
to use them for operational forest monitoring. The digital preprocessing of
microwave data is computer intensive and at least for the near future will
,have to be undertaken at specialized facilities. These data will also be dis-
tributed through commercial channels and the cost of processing will be
prohibitive for large area analyses.

Access to the metadata on satellite data availability has improved over
the last five years through the activities of such groups as the Committee on
Earth Observation Systems (CEOS), the Landsat Ground Receiving Station
Working Group (LGSWG), and development of user- oriented personal
computer-based inquiry systems such as the USGS Global Land Information
System (GLIS). However, determining data availability for large areas over
from the entire historical record remains a labor-intensive task. EDC has
taken the initiative of compiling a complete global metadata archive of all
available Landsat data. Participation in this project by ground receiving sta­
tions has been incomplete and there is often a considerable time lag in the
receipt of information on data availability from some stations.

It is still difficult to obtain a complete picture of data availability for
some areas of the tropics. Individual ground stations need to be contacted
for metadata and the data are not always in digital form. It is not always
obvious to those wanting information on satellite data availability as to
where they should address their requests.

Cloud cover estimates provided in the metadata can be misleading
and different ground receiving stations have different quick-look products
and quality. From the author's experience, the quality of SPOT quick-look
products, for example, can be inadequate to determine data utility for trop­
ical forest monitoring.

Data formats from the various satellite systems and receiving sta­
tions are often different causing unnecessary problems for the user com­
munity. The Committee on Earth Observing Systems is currently address­
ing data format questions and needs to be made aware of the range of for­
mat problems facing the user community.

It is still difficult to obtain a
complete picture of data

availability for some areas
of the tropics.
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The last link in the data distribution chain can also present an obsta­
cle to rapid receipt of the data. Quite often data delivery is delayed by
inefficiencies in the global network of postal or courier services. Customs
regulations have been known to add a considerable delay to the distribu­
tion of satellite data.

Institutional obstacles

•
Institutional obstacles prevent the implementation of a concerted

effort between agencies. Agencies with the mandate for forest monitoring
are in some cases incapable of implementing the task. Sometimes there is
direct competition for funding for satellite-based resource monitoring
which results in an unwillingness for different ministries or agencies to
cooperate. One of the biggest problems is that the national forest agencies
often do not have the capacity to provide timely, comprehensive mapping
and monitoring of their forests. They are severely limited in funding and
the resources needed to fulfill the task. The satellite data are too expensive
to acquire complete coverage and forest agencies do not always have the

.necessary GIS or remote sensing data processing and analysis capability.

For some of the tropical countries with large expanses of forest, the
field experience of the forest services may be limited only to those areas
where they have undertaken detailed inventories. In some cases they do
not have the staff with the necessary training to interpret satellite data.

The means for a coordinated and sustained institutional underpin­
ning for the national forest agencies in the tropics is unclear. In the late
1980s the World Bank and FAa developed the Tropical Forest Action Plan
(TFAP) which was to provide the necessary long-term support for the
forestry sector. Now the Bank has abandoned TFAP and has embarked on
its own program of forestry sector loans. The newly created Global
Environmental Facility (GEF) also has a series of country projects in the
tropics in various stages of design and implementation. Donor coordina­
tion is still a major challenge.

In some cases the national forest services and national remote sens­
ing agencies limit access to the aerial survey imagery used in the creation
of forest maps. Forest agencies in the tropics are currently receiving sup­
port from a variety of development agencies and international sources.
Development agencies are often territorial and unwilling to distribute
information on their current and planned projects or the resulting data and
information. In some cases the technical support is contracted to private
companies with no long-term commitment beyond the duration of their
contracts. Development agency contracts often cycle on a two- to three­
year period and there is often no institutional funding mechanism for
ensuring project support over longer periods. Without long-term institu­
tional underpinning to include staffing, competitive salaries, vehicles, and
equipment as well as specific project funding, the national forest agencies
will be unable to provide operational satellite monitoring.

Agencies with the mandate
for forest monitoring are

in some cases incapable of
implementing the task.

•

•
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One of the roles of regional remote sensing centers has been to pro­
vide technical backstopping to national agencies. At least in Africa, the
success of these regional centers in supporting the national forest services
to establish operational monitoring has been very limited. The continuity
of funding and support for these centers has also been difficult to secure.

•

•

The operational aspect of regional and global monitoring has, in the
past, led to some resistance by research organizations and agencies to
address or support a tropical forest monitoring activity. Recent establish­
ment of a tropical deforestation program by NASA has come through
recognition that the operational monitoring is necessary to generate the
data to address the science questions. If no other organization is providing
the data, then the research agencies may have to. The International Union
of Forest Research Organizations (UUFRO), which provides a forum for
the discussion of forest related research, has yet to address the research
and development issues associated with the design and implementation of
an operational global tropical forest monitoring system.

Nongovernment organizations (NGOs) and private volunteer orga­
nizations (PVOs) concerned with environmental issues have grown over
the last decade. Some of these now have considerable financial support
and are developing their own remote sensing and GIS capabilities to sup­
port their programs and advocacy projects. A recent study supported by
the United States Agency for International Development (USAID) and
managed by the WorId Wildlife Fund to design a global climate change
program for Central Africa has demonstrated the advantage of cooperation
between the science, NGO, and remote sensing research communities. For
example, the NGO community provides a wealth of field experience and
an understanding of the local processes of deforestation which can make
important contributions to data interpretation and local level technology
transfer. They are also capable of providing a long-term continuity to in­
country projects and can provide a useful bridge between the academic
research and the development community. However, NGOs tend to work
independently of the mainstream research and development community
and are often independent of the academic review and publication process
within which the remote sensing research and applications community
operates. As a result, they are not obliged to pay attention to data quality
control or quantitative assessment of results.

Institutional obstacles for global monitoring exist with the two pri­
mary U.N. agencies concerned with tropical forest monitoring: FAa and
UNEP. The precise role and relationship of the two agencies with respect
to tropical forest monitoring has been unclear, at least to those outside of
the process. A Memorandum of Understanding was developed between
the two agencies with respect to the 1990 Tropical Forest Assessment but a
coordinated and integrated program of shared activities with sufficient
funding from both agencies has not appeared to be forthcoming.

A critical obstacle for the 1990 Assessment has been the inability of
FAa to fund research. The 1990 Assessment Project started in March 1989
with the intention of providing results by late 1990. The project will end in

The operational aspect
of regional and global

monitoring has in the past
led to some resistance by

research organizations to...
support tropical forest

monitoring activity.

The role and relationship of
FAG and UNEP with respect

to tropical forest monitoring
has been unclear.
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October 1992. Despite good intentions and a dedicated staff, the FAO 1990
Assessment project has been hampered by limited funding and under­
staffing. The development of any new global methodology, which incor­
porates satellite analysis techniques, requires operational research, devel­
opment, and testing. In the authors opinion, the project was limited by
being unable to support adequately this necessary research and develop­
ment. A new proposalhas been submitted by the 1990 Assessment Project
to FAO for a continuous global tropical forest resource assessment which
will apply the current methodology completing a wall-to-wall assessment
of deforestation rates in ten years. The proposal outlines a coordinated
program of national monitoring by the forest agencies, with support from
three regional centers. The proposed budget, which includes the necessary
institutional underpinning, is approximately $17 million. The proposal has
been accepted by FAO and is currently looking for donor support. There
are also some preliminary indications that FAO and UNEP will establish a
closer working relationship for future assessments.

Technical obstacles

The overselling of the capability of remote sensing was a characteris­
tic of the 1970s and early 1980s and can still be encountered. Some of the
resistance to adopting remote sensing approaches by national and interna­
tional agencies stem from this period, although most forest services now
recognize the utility of the data. The use of GIS is being heavily promoted
in the developing world by a number of vendors. Different GIS systems
require different hardware and operating procedures and data exchange
between systems is often difficult.

Satellite image processing and analysis and GIS systems no longer
require a main-frame computer capability. The development of personal
computers (PCs) and workstations has lowered the hardware costs and it
is now feasible, assuming a moderate level of funding for individual forest
agencies, to have their own remote sensing and GIS analysis capability.
One remaining problem is the incompatibility of different image analysis
and GIS systems which limits data exchange and interoperability. With
the developments in data media it is now possible to store and access large
amounts of data with relative ease.

The overselling of the capa­
bility of remote sensing was
a characteristic of the 1970s

and early 1980s and can still
be encountered.

Satellite image processing.
no longer requires main

frame computers.

•

•

One of the most efficient ways to generate deforestation statistics as
developed by INPE and NASA, is based on visual interpretation of
imagery, digitizing the forest boundaries, and entering the digital data into
a PC-based geographic information systems. This is a relatively "low­
tech" approach to monitoring.

Technology transfer of remote sensing has received considerable
funding and a considerable number of individuals from tropical countries
have attended remote sensing training courses. Unfortunately the institu­
tional support for the technology is not always available when the trainees
return to their host institute. There is currently a shortage of trained person­
nel in remote sensing and GIS techniques at most forest agencies in the trop­
ics. However, careful consideration needs to be given to the utility of con-

Visual interpretation of
imagery, digitizing the
forest boundaries and

entering the digital
information in a PC-based

geographic information
system is an efficient •
'low tech' approach.
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•

•

•

ventional training courses. On-the-job training in the use of remote sensing
and GIS at the trainees' institute appears to be the most effective process.
Some training courses now include hardware donations and continued sys­
tem support and technological backstopping which should lead to a greater
success in the adoption of the techniques. Most tropical forest agencies have
had some exposure to remote sensing and GIS. The establishment of the
operational use of remote sensing and GIS is, however, a separate task
which has seen very little support within national forest agencies. Lateral
transfer of technology between neighboring countries offers considerable
potential for increasing the appropriate use of new technologies.

There is currently a risk that the existing technology gap between
the developed and the developing countries will continue to widen with
the introduction of the proposed new sensing and data systems. For exam­
ple, ERS-1 data will require the full cycle of research, development, and
testing prior to transfer of the new technology. Research results which
appear to be satisfactory in one locale need to be fully tested over a range
of conditions to which they will be applied on an operational basis.
Although the forest services should be involved in that process, it is inap­
propriate for them to be given the full burden of research and develop­
ment in new technology in addition to their own tasks. Technical assis­
tance with operational research and development may best be provided by
the university remote sensing and forestry research communities.

The NASA Earth Observing System (EOS) planned for the late 1990s
will carry new sensing systems with significantly increased data rates and
volume, increased spectral range, and improved spectral and spatial reso­
lution. It is difficult to see how those institutes currently struggling to
apply the current Landsat technology will be able to integrate the newly
available data from such systems.

Compared to other regions of the world, tropical forests have
received very little focused attention in terms of remote sensing research
and development of applications. Little is published on the temporal or
spectral properties of tropical forest and much is to be done to assess the
full potential of the existing technology. The focus of satellite tropical for­
est monitoring to date has been on the closed humid forest. The seasonal
forests and woodland savannas which are undergoing considerable land
transformation have received relatively little attention from the remote
sensing community to date.

The Future

The broad system specification

The challenge is to develop an effective satellite-based global moni­
toring system. It is the author's assumption that the information needs of
the forest management community and the science community are not suf­
ficiently different at the global and national scales to warrant the develop­
ment of separate global tropical forest monitoring systems. Neither are the
financial resources available for such duplication.

Most tropical forest agencies have
had some exposure to remote
sensing and GIS but they lack
trained personnel and there is
little support for operational use
of remote sensing information.

Little is published on remote sens­
ing applications for tropical forests
compared to temperate regions.
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The exact specifications for such a system need to be developed but
there are some broad requirements which need to be met. The system
should provide an accurate and spatially comprehensive assessment of the
global extent of tropical forests and the nature and rates of change at a spa­
tial and temporal scale which will capture the land transformation occur­
ring in the tropical forests and permit regional planning and biogeochemi­
cal cycle modeling. The current mapping by INPE and NASA at 1:250,000
appears to be appropriate.

•
In areas of rapid change it is necessary to monitor on an annual or

biannual basis. In areas where changes are happening slowly, a compre­
hensive mapping every five years may be adequate, as long as the system
is capable of identifying and predicting new fronts of deforestation in the
interim. A combination of high and low spatial resolution sensing systems
would facilitate identifying new fronts of deforestation. A spatially explicit
GIS with information, for example on new roads, current logging conces­
sions and population dynamics should be an integral part of the system
and would be needed to run a predictive model. The system should gen­
erate spatial as well as statistical data which should be subject to indepen­
dent verification and validation. The data need to be made available in a
timely fashion to the broadest possible community. The system needs to
be evolutionary and sufficiently flexible to incorporate new developments
in remote sensing and GIS technology.

Previous experience has shown that operational satellite monitoring
systems which do not foster and support a close link to the research and
development community are soon overtaken by improved technology or
methods and become obsolete. Currently, research and development to
support operational monitoring systems falls between the institutional
responsibilities and interests and, in this respect, should be supported by
the project it is serving.

Approaches to implementation

Assuming that funding is available for a global tropical forest moni­
toring system, there are currently two schools of thought as to how it should
be implemented. One approach advocates a distributed monitoring system
with the national forest services generating national and regional assess­
ments with a global synthesis at a centralized facility. The second advocates
an independently funded centralized institution generating the complete
global assessment. There are advantages and disadvantages to both.

The distributed system has the advantage of placing the national
level monitoring in the hands of the agencies that are responsible for man­
agement. It also takes advantage of the interpretation skills that may
reside with that agency. It would require a significant amount of coordina­
tion particularly to have the data generated in a timely fashion. The satel­
lite and modeling data would have to be shipped to a number of locations
and each location would have to have the means for image enhancement
and GIS analysis. One would also have to assume that each of the forest
services involved will be given the necessary institutional underpinning as

In areas of rapid change it is nec­
essary to monitor on an annual

or biannual basis.

A GIS system with
information on roads,

logging concessions and
population should be

integral to forest
monitoring by satellite.

•

•
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well as project funding to support a long-term operational satellite-based
monitoring program. With national agencies providing the input data for
the global assessment it will be important to resolve any potential conflict
between data accessibility and sovereignty. The national forest service
estimates will also require some level of independent assessment. The cen­
tral synthesizing facility and the national forest agencies could be support­
ed by regional coordination centers but these centers would have to be
established and their long-term funding would have to be secured.

The centralized approach is attractive in that it would be relatively
easy to manage. Analysis would be performed in-house with possible
assistance from visiting scientists from the national forest agencies or con­
sultants with the necessary in-country experience. Data shipment would
be minimized and the timeliness of the results could be more easily con­
trolled. The centralized facility could house the necessary image analysis
and GIS equipment and could obtain the data needed for the predictive
modeling. An independent assessment of the centralized estimates would
have to be developed and could be coordinated through funded collabora­
'tion withthe national forest agencies.

•

•

Even with a significant increase in funding it is unlikely that both
approaches can be tested. The urgency for the information would indicate
a centralized approach to be most appropriate. The institutional underpin­
ning which is a prerequisite for the national forest services to be effective
players in a distributed system has yet to be identified or guaranteed over
the next five- to ten-year period. The task of integrating remote sensing
and GIS techniques in forest service activities must be given a high priority
but should not delay the provision of a global assessment. It might be pos­
sible in the next five years for those forest services in the tropics currently
unable to participate in the program to be ready to provide a complete and
regular national assessment. This will, however, require an effective and
coordinated, well-funded program of institutional support on an unprece­
dented scale.

It is perhaps worth looking at the structure of other environmental
monitoring systems for a guide as to how to proceed. The meteorological
community for example undertakes its global assessments and modeling at
a separate facility. The national agencies are not burdened with the analy­
sis needs for the global assessment.

Future needs

Both the ISY WFW activity and the FAO 1990 Assessment terminate
in 1992. The U.N. is reviewing its 1990 Assessment and planning its
future program. The space agencies are preparing to find a new institu­
tional umbrella for the present forum for the discussion of forest assess­
ment methods and results. It is, therefore, a good opportunity to stand
back and assess the future needs of a satellite-based monitoring system.
The likely magnitude of the funding needed to implement a long-term
monitoring program will necessitate coordination of shared financial sup­
port from a number of different sources. The magnitude of the coopera-

The task of integrating remote
sensing and GIS technique in

forest service activities must be
given ahigh priority but should

not delay the provision ofa
global assessment.
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tion needed between the various agencies will also necessitate a new mech­
anism for coordination of the different agency activities.

There is an urgent need to take the necessary steps towards developing
an effective and comprehensive global monitoring program. The diverse
group of individual agencies currently undertaking regional, national, and
sub-national tropical forest monitoring will no doubt continue their programs
until a new and effective global initiative supersedes their efforts. The space
agencies and remote sensing research institutes currently undertaking region­
al forest assessments will continue until there is an alternative reliable source
for the data to fulfill the requirements of the science community.

In moving toward a new global initiative there are some immediate
actions that can be taken and some longer term developments which need
to be planned and initiated. Given the urgency for comprehensive moni­
toring it is also necessary to identify the appropriate communities respon­
sible for these different component parts of a global program.

Immediate Needs

•

Space agencies and remote sensing research institutes should contin­
ue to undertake research to develop procedures for the analysis of satellite
data for forest monitoring. There is a need to raise the current level of sup­
port for research on satellite-based tropical forest analyses. The space

.agencies should continue supporting current monitoring efforts, until a
comprehensive program of global forest monitoring is established or
national forest monitoring programs become operational. In most cases,
data interpretation could be enhanced by a closer working relationship
with national forest agencies and nongovernmental organizations. The
resulting data need to be fully evaluated prior to general dissemination.
When completed the data should be made available in formats appropriate
to a wide user community, both in digital and photographic form.

Efforts should be made to secure the existing historical archives of
high resolution satellite data for the tropical regions. Perhaps most impor­
tantly those responsible for satellite data acquisition should develop a coor­
dinated strategy to obtain complete global cloud-free coverage of the tropics
each year. This would, for example, involve coordination between EOSAT,
SPOT Image, and the various ground receiving stations through such orga­
nizations as the LGSWG. The metadata associated with the satellite data
coverage of tropical regions both for the central facilities as well as the vari­
ous ground stations should be made complete and more easily accessible.

A solution needs to be found to the current problem of the prohibi­
tive cost of high resolution satellite data. Without increased access to these
data national forest services and the research community will be unable to
use the available technology. Clearly the costs of the satellite systems and
the data need to be met, however, with the current system some of the
poorest government agencies in the poorest countries of the world are
expected to spend what amounts to more than their annual operating costs
on purchasing satellite data. The discussion and coordination of satellite

A solution needs to be found
to the prohibitive cost of
high resolution satellite

data, especially for forest •
services and researchers

in poorer nations.

•



•

•

__________________________________________ 15

data acquisition strategies and pricing policy, data formats, metadata avail­
ability, and data distribution could be addressed within the framework of
the Committee for Earth Observation Satellites (CEOS).

The national forest agencies should continue to develop their forest
monitoring capabilities and make known their data needs with respect to
satellite-based monitoring. Remote sensing and field experience should be
developed to permit sound interpretation of satellite data at a national
scale. Improved coordination should be sought between forest agencies to
develop common methodologies and exchange experience in the use of
remote sensing and GIS technology. Improved cooperation between the
national forest agencies and remote sensing agencies is a high priority.

The future global monitoring program will have to be an interna­
tional effort. Currently there are national and international fora for dis­
cussion and planning within individual disciplines or communities.
There is no suitable forum for bringing together all the necessary interna­
tional players required for a global assessment program. One of the

-immediate international priorities is to create such a forum and call a
meeting of the various communities which will be required to participate
in the design and implementation of an effective global monitoring sys­
tem. The objective of such a meeting would be to bring together the
appropriate delegates or representatives of the various communities to
discuss their requirements and participation in a global monitoring sys­
tem. A list of the current players and their associated roles in a global
monitoring program are provided in Table 1.

•

The international development community should coordinate their
programs with respect to tropical forest inventory and monitoring. Round
table discussions between national agencies and the current and potential
future donors would help identify duplication and gaps in support.
Similarly, long-term funding commitment is needed to provide institution­
al underpinning as well as project support for a continuous assessment.
Training of personnel should continue to be an important component of
forestry support programs but focus should be given to remote sensing
and GIS for national forest monitoring. The role of the UNEP in future
global tropical forest monitoring programs needs to be clarified.

When the results of the FAO 1990 Assessment are completed the
project could benefit from an external review. The review should evaluate
the results and procedures, and identify the difficulties encountered during
the project. This would help the global community in the development of
future plans and the identification and anticipation of possible problems
for subsequent global assessments. The wide range of players involved in
tropical forest monitoring within the international community should be
involved in the design phase for a future continuous assessment project.
The future FAO program should include a research and development com­
ponent which will help develop and integrate new satellite-based monitor­
ing techniques into the operational system. Involvement of the national
forest agencies within this program must be matched by the provision of
the institutional underpinning to enable them to provide the necessary

The results of the FAG Forest
Resources Assessment 1990

could benefit from an
external review.
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data in a timely fashion and fulfill a long-term monitoring commitment,
without impacting their current program of activities.

There is a need for the science community to adopt an interdiscipli­
nary approach to the study of tropical forests if we are to better under­
stand the process and effects of deforestation needed for predictive model­
ing of forest transformations. In particular, there is a need for the ecologi­
cal community to address the effects of land transformations within the
tropical forest on ecosystem functioning and the effects of ecosystem frag­
mentation on biodiversity making use of the regional scale satellite-derived
data sets now becoming available.

The international science community should participate in the evalu­
ation of the methodology and results of the various satellite-based forest
monitoring efforts and the appropriateness of these derived data to
address the pressing questions of global change science. The International
Geosphere Biosphere Programme (IGBP) Data and Information System
(DIS) would be a suitable forum for the evaluation of methodologies, data
quality, and accuracy and to determine ways of presenting the data in a
form suited to the needs of the science community.

•

The international forest research community needs to address the
requirements of a global satellite monitoring program from the forest man­
agement perspective. In particular, attention needs to be given to develop­
ing methods for integrating remote sensing methods in national-scale trop­
ical forest monitoring programs. Similarly there is a need to develop a
suite of operational tools to monitor the complete range of tropical forest
alteration including the more subtle forms of forest degradation. Methods
and procedures need to be developed to link closely satellite-based forest
monitoring with forest management and regional planning. The
International Union of Forest Research Organizations (IUFRO) would be a
suitable forum for this discussion.

Long Term Needs

Long-term institutional commitments are needed for the future glob­
al monitoring system and new mechanisms need to be found for the long­
term funding of this activity.

The space agencies need to review the tropical forest monitoring
capabilities of the planned sensing systems and see whether improvements
can be made to satisfy the global monitoring requirements. Specifications
for a dedicated system might provide guidance in this task and in the
longer term would provide the design for a sensing mission specifically for
this purpose. A dedicated system might be the best solution to the current
problem associated with the utilization of data from a variety of sensing
systems and platforms. A combination of optical and microwave sensors
with a high temporal frequency would appear to be the most appropriate
for tropical forest monitoring. The space agencies which also serve the role
of research organizations need to assess their long-term role with respect to
operational forest mapping.

A combination of optical and
microwave sensors with a

high temporal frequency
would appear to be most

appropriate for
forest monitoring.

•

•
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• The international agencies need to provide the long term strategy for
institution building within the tropical forestry sector. A program of assis­
tance needs to lead to the capability of the national forest agencies to moni­
tor their own forests on a timely and regular basis. Once operational, the
national satellite-based monitoring programs can then perhaps be fully
integrated with the global assessment.

The results of the global change research programs which are now
being initiated on climate modeling, carbon modeling, ecosystem fragmen­
tation, biodiversity and will use the satellite derived data, will need to be
translated into effective policies for improved forest management. Such an
interdisciplinary problem will require a dialogue between the earth and
social science and forest management communities.

Conclusion

The international agencies
need to provide the long term
strategy for institution build­

ing within the tropical
forestry sector.

The previous commentary addresses the major issues associated
with the current institutional roles in satellite-based tropical forest moni­
toring. The technology to provide a comprehensive and regular global sur­
vey has been available for the last decade. The obstacles to progress are
diverse but none appear to be insurmountable. Of all the global environ­
mental issues currently facing us, improved monitoring and management
of the tropical forests is one of the most pressing. We need to move quick­
ly to implement an effective global monitoring system.

• There are technical problems associated with current methodologies
which need further attention, some of which will be addressed during the
meeting. The institutional problems are more difficult to resolve. Without
a significant increase in the current institutional commitment to opera­
tional global monitoring and a greater degree of international and intera­
gency coordination, little progress will be made.

The space agencies have made some recent major advances in the
field of tropical forest monitoring, in part through the International Space
Year World Forest Watch activities. Now that the International Space Year
is coming to an end, it is important that these activities continue and their
coordination be transferred to a new organizational structure. If we are to
succeed in establishing an effective global monitoring system, it is critical
that the space agencies participate actively as one of the major players in
the design and implementation of a new international initiative for satel­
lite-based tropical forest monitoring.
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Figure 1: The basic steps involved in satellite-based forest monitoring

Monitoring System Design
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Table 1: The various groups that are needed in the design and
implementation of a global tropical forest monitoring
program and their respective roles

Space Agencies:
Sensor Design and Engineering, Satellite Operations, Data Acquisition
Policy, Data Distribution Policy, Scientific Research

Data Suppliers (private and public sector):
Data Acquisition Policy, Quality Assessment, Data Distribution

Remote Sensing Research Community (universities and research
institutions, regional remote sensing centers):

Monitoring System Design, Development of Data Processing and
Interpretation Techniques, Technology Transfer

National Forest Agencies:
Inventory and Monitoring of National Forest Resources,
Forest Management

International Organizations (U.N. agencies, development agencies, lITO):
Support for National Forest Inventory and Monitoring, Support for
Regional Centers, Global Assessment

Nongovernment Organizations (national and international):
Research, Development, Advocacy

Scientific Community (universities, research institutes):
Global Change Research, Biogeochemical Cycle Modeling,
Climate Modeling

International Research Organizations (IGBP, IUFRO):
Research and Development, Design and Evaluation of Methodologies,
Evaluation of Results



A PATHFINDER MSS Triplicate Set of Satellite Images.
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1974

19

Land use and land cover change is captured in these Landsat images taken of the Mexican
and Guatemalan border region in 1974, 1984, and 1992. The dark red hue is closed forest.
The international border (inset) is clearly revealed by land stripped of closed forest on the
Mexican side before and during the 18 year period, while Guatemala's rainforest remains
largely intact. On the lower half of the images, valley settlements and cleared land can be
observed between mountainous ridges still in rainforest. The images are being analyzed for
the EPA PATHFINDER project in collaboration vvith Mexican scientists.
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ON-GOING EFFORTS TO MAP TROPICAL DEFORESTATION AND
FOREST COVER CHANGE

T
hree distinct efforts, profiled in this section, are under way to

map and measure change in the world's tropical forests over the

past 10 to 20 years using high resolution imagery from Landsat

satellite sensors. They are:

• NASA's Pathfinder project. A part of the U.S. Global Change research

program, this NASA/EPA/USGS project will map forest cover change

in all the major tropical forests. It is being executed by the Universities

of Maryland and New Hampshire, the Goddard Space Flight Center and

the EPA.

• FAO's Forest Resources Assessment 1990 (FRAI990). One component of

this largely statistical worldwide survey is a unique effort to map the

nature of forest cover change in tropical regions as revealed in satellite

images over time.

• The PANAMAZONIA project. The objective of this regional project is

to map forest cover change in the world's largest closed tropical forest.

A collaborative effort among the nine nations that share the Amazon

River basin, the project will strengthen national remote sensing analysis

and mapping basin-wide with assistance from the Brazilian space

agency, the Instituto Nacional de Pesquisas Espaciais (INPE).

These mapping efforts began between 1989 and 1992. The USA-spon­

sored change mapping is the most ambitious and geographically extensive

effort. Initial progress has been slowed by the sheer number of images to be

acquired, the need to develop data management and analysis methods, and

the poor condition of archived imagery from the 1970's. These difficulties

have been overcome and analytical work is proceeding apace.

Work is also under way to map general categories of present forest

cover with coarse resolution (1.1 km) AVHRR imagery. The CEC's TREES

program aims to map forest cover worldwide, eventually to provide the

basis for fast detection of forest cover change. The u.s. Forest Service

began mapping forest cover of Mexico, Central America and Panama in

1993 and may extend this work to Indonesia. The work is being undertak­

en under the aegis of the 1993 Resources Planning Act and was planned

as a means to support the forest assessment work of the FAO.
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THE INDEX MAPS

T
he index maps on the following pages were prepared by ENRIC to

display the geographic scope of various forest assessments pro­

filed in this section. The satellite images used by each project are

presented on the maps corresponding to the three world regions with

tropical forests: 1) Latin America and the Caribbean; 2) Sub-Saharan

Africa and Madagascar; and 3) Southern and Southeast Asia, and the

South Pacific. The maps were developed from digital data sources using

geographic information system (GIS) technology.

Each map displays the"footprints" of Landsat images used in a par­

ticular project. A footprint represents the geographic extent of an image on

the Earth's surface. Each image is approximately 185 x 185 kilometers or

34,000 km2 and is indexed according to its orbital path and scene row. The

location and dimensions of each footprint were determined using the

ArcWorld GIS database developed by Environmental Research Systems

Institute (ESRI). ESRI generated the footprint data using an algorithm pro­

vided by the Earth Observation Satellite Company (1992). The data applies

only to images from Landsats 4 and 5. Since satellite orbits may vary from

one pass to the next, the exact dimensions and location of each image may

differ slightly from those displayed on the map.

The Landsat path and row reference grid for each map was generat­

ed by ENRIC using image center coordinates from the ArcWorld database.

The data on closed tropical moist forests was created by the

World Conservation Monitoring Centre. The data was derived from a
variety of sources including satellite imagery, paper maps, survey data,

and aerial photographs.

Data on country boundaries and hydrography are also from the

ArcWorld database. The original source of this data is the World Data

Bank II (WDBII) developed by the U.S. Government (1988). ESRI updat­

ed the country boundaries from the WDBII to reflect political conditions

as of January 1, 1992. The data has a nominal scale of 1:3,000,000.

•
The Satellite Images The Landsat satellites did not have an on-board recorder for later

direct data ground feeds to one central collection point. Images are

acquired in one of two ways. The first is through a relay satellite (TDRS),

which collects imagery from the satellite and in turn passes it to a central

collection point. The second means is by a direct download to local

ground stations as the satellites pass over the respective"ground station



footprint" circles. There are a total of fifteen Landsat ground receiving

stations worldwide (inset), one of which is in the United States(Norman,

OK). A substantial amount of imagery has been acquired by overseas sta­

tions, particularly in Brazil. Many of the overseas stations have made

financial arrangements with EOSAT to acquire imagery on its behalf as

satellites pass over their respective" footprint" circles.

All MSS imagery acquired by Landsats 1-5, dating from 1973 to

October, 1992 (when its collection was discontinued) is indexed and held

by U.S. Geological Survey's EROS Data Center, Sioux Falls SD. An inter­

active computer program accessible by modem link, the Global Land

Information System (GLlS), has been developed to allow users to deter­

mine the status and availability of particular scenes. GLlS permits a direct

modem link-up with the EROS Data Center. The coverage for each scene

(identified by path and row) is indexed and can be reviewed via GLlS.

Cloud cover and overall image quality is specified. In 1994, EROS-GLlS

will begin making available low resolution representations of the actual

imagelY, which will permit instant checks for cloud cover. A GLlS pro­

gram diskette and instructions are available free of charge from EROS.

•

The MSS imagery itself can be purchased for $200 a scene from the

Sioux Falls EROS facility (as 9" x 9" black and white positive or film •

prints, or in full color on 9 track tape). TM imagery is available from the

Earth Observation Satellite Company (EOSAT), a commercial corporation

in Lanham, MD (301) 552-0500.

'. GROUND RECEIVING STATIONS
LANDSATS4&5COVERAGE

•



• The Pathfinder Landsat Project:
South America, Central Africa and Southeast Asia

•

Quick facts:

Contacts:

Project name:

Implementing agencies:

Project objectives:

Satellite imagery used:

Satellite imagery available
to other users:

Methodology:

Under this NASA-funded effort, tropical forest cover and change
during the last 20 years will be mapped in South America, Central Africa
and Southeast Asia. The work is being carried out by the University of
Maryland (UMD) Geography Department (for Central Africa and the non­
Brazilian portions of the Amazon basin) and by the University of New
Hampshire (UNH) Complex Systems Research Center (for the Brazilian
Amazon basin and Southeast Asia). Both Landsat MSS and TM imagery
will be used to detect and map forest cover and deforestation.

Dr. William Lawrence (301) 405-6809 (UMD) and Dr. David Skole
(603) 862-1792 (UNH).

NASA Landsat Pathfinder Tropical Deforestation Project.

Goddard Space Flight Center, the University of New Hampshire
Complex Systems Research Center and the University of Maryland
Geography Department.

This three year (1993-96) collaborative effort seeks to develop a
methodology for classifying the condition of the tropical forest cover using
Landsat data, maps of tropical deforestation, a tropical forest GIS data
base, and an information management and product distribution system.

Approximately 3,000 images, mostly acquired with the Landsat
Multi-Spectral Scanner sensor, are being acquired in the form of 1:250,000
color composites and 8 mm tapes for three time periods. The Landsat
images for the mid-1970s, mid-1980s, and 1989 to present are being
acquired from the USGS, EROS Data Center archives in Sioux Falls, SD.
Approximately 340 scenes from the Amazon basin (including the Orinoco
river drainage system and parts of the Guayanas), 255 scenes for Central
Africa, and 320 scenes for Southeast Asia are being acquired for each
interval. Where shortfalls exist, substitute Thematic Mapper(TM) or SPOT
coverage may be sought. Some TM acquisitions for 1992, the third refer­
ence period, may be made through satellite ground receiving stations in
Brazil, Ecuador, Thailand and India.

Digital satellite imagery will not be available to other users. Maps of
land cover and deforestation will be available, including as datasets
through Internet.

The images are interpreted at a 1:250.000 scale. Analysts sample and
study areas of each image and assign ground cover codes. A computer pro­
gram then evaluates the entire image in digital format based on the sam­
pled land cover area. The results are then entered directly into a GIS for
editing, management, hardcopy production, geo-rectification and analysis
and printed out in vector format for editing and verification. Individual
analysts works on a single Landsat scene until completed, checking their
progress with plots and error edits. Once finished, the image is checked
over by a small expert group, working together to assure that the same



decision path is used in delineation. The map is then returned for a final •
edit and archived prior to further analysis. Additional quality control and
assurance will be provided by collaboration with in-country experts from
Central Africa, the Amazon basin and Southeast Asia.

Ten to twenty sites are chosen within each of the' geographic
research areas for more detailed study, including ground observations.
The sites will be used to test the data interpretation, and will be chosen to
coincide with previous or ongoing field studies and areas where collabora­
tive research with local experts will be the most productive. Many of these
sites will be the locations of ongoing carbon cycle research.

Forest and other land cover
classification used:

Intermediate and
final products:

Nature and availability
of products, costs and
expected dates:

The six classes are forest cover, deforestation, non-forest vegetation,
water, clouds and "other".

The large amounts of data to be acquired by this project entail close
attention to data availability, order placement, quality control and the
tracking of data through the many stages of processing, editing and calcu­
lation of spatial statistics. The UNH has developed a menu-driven, graph­
ic Information Management System (IMS) for the project that interfaces
with the UMD data management system. The IMS has three components:
data query and browse, data management and archive management. Data
query allows the user to search both U.S. and foreign archive image meta­
data (which describe image quality and geographic position). It permits
detailed views of selected scenes. Data management tracks imagery
through each step of the processing stream and provides detailed informa-
tion about individual scenes. Archive management presents the user with e
a graphical, point-and-click interface to the archive, similar to the query
and browse and data management modules. Ground observations, includ-
ing photos and voice recordings collected in areas of the Amazon and
southeast Asia, are also archived and accessible through the multimedia
archive manager. The field data consist of 35 mm photographs, geograph-
ic locations obtained with a Geographic Positioning System (GPS) and
tape-recorded voice descriptions.

A 1:4 million scale draft map on deforestation in the Legal Amazon
(Brazil) between 1978 and 1988 has been produced. In 1994, maps to be
generated will include "Deforestation in the Non-Brazilian Amazon by
1985" at a 1:500,000 scale and a map series on "Deforestation in the
Amazon Basin, 1978 and 1985" at the scale of 1:100,000.

Further proposed analysis:

References:

Knowledge of landuses after conversion from forest cover is an
important factor in carbon cycle modeling. Once land uses are established,
analyses can be conducted on their effect on regional and global carbon
cycling. As techniques are developed and the datastream established, a
second analysis phase could examine environmental impacts of forest uti­
lization, forest recovery time and the sustainability of forest utilization in
addition to biodiversity topics, already explored in the Science magazine
article by Tucker and Skole reprinted in the next section.

Lawrence, William T. and Walter Chowmentowski. 1992. Tropical Deforestation Data base project
to use nearly 3000 satellite scenes. Earth Observation Magazine, December, 1992. ps. 28-30.

Lawrence, William T. 1992. Rte NASA Landsat Pathfinder Tropical Deforestation Project.
Revista SELPER (Brazil). June, 1992. •
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NASA Pathfinder Program
South America

Landsat Scene Footprint
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Closed Tropical forest
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Rivers
/'../
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Landsat Path & Row Grid
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Produced for USAID by lhe Environment and Natural Resources Information
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Davis. Sources of data: Landsat image footprints - U.S. National
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- World Conservation Monitoring Centre (WCMC); country boundaries and
hydrography - Environmental Systems Research Inc. (ESRI). ENRIC is 8

project of Datex. Inc., Arlington. Va.
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Closed Tropical forest
~ Mari~e
_ Inlarid SwamI'
I\III'iiI! Lowland Rainforest
_ Montane Rainforest

Monsoon Forest
i

/
/ ~ III

I •
l

I
{,

t'

,/ ' •• _R__-.;-__._Ro_w_6~ .L-__1

".
\ L

'~

Rivers
/'.,/

Water Bodies
~

Landsat Path & Row Grid

Country Boundaries
/--../ bemarcated
/' . Disputed or Indefinite
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Produced for USAID by the Environment and Natural Resources Informatiol1
Center (ENRlC), Researched by Robert W. Fox. Compiled by Steven R,
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• The Pathfinder Landsat Project:
Mexico, Central America and the Caribbean

•

•

Quick facts:

Contact person:

Project:

Implementing agency(ies):

Project objectives:

Satellite imagery used:

Availability of imagery
to other users:

This component of NASA's PATHFINDER program is being imple­
mented by the u.s. Environmental Protection Agency (EPA) and the U.s.
Geological Survey Eros Data Center (EDC). An integral part of the com­
prehensive North American Landscape Characterization Program by these
two agencies, it will map the changes in tropical forests in Mexico, Central
America and the Caribbean using Landsat MSS imagery.

Dorsey Worthy (EPA) (702) 798-2175.

North American Landscape Characterization Program (NALC)­
Pathfinder. This program covers most of the North American continent,
Central America and the Caribbean. Satellite imagery for the Brazilian
Atlantic forest region is also being produced by the EDC for possible inclu­
sion. The study period is 1993-1995.

u.S. Environmental Protection Agency (EPA). This component of
the National Aeronautics and Space Administration's (NASA) Pathfinder
series is funded by the EPA's Office of Research and Development (ORD)
and the Global Change Research Program (GCRP) in cooperation with the
EDC. Principal NALC cooperators include the EPA's Environmental
Monitoring Laboratory at Las Vegas, Nevada, the EDC, and NASA's Ames
Research Center at Moffett Field, California.

"To determine the quantity of tropical forests and the rate of conver­
sion to other land uses" in Central America, Mexico and the Caribbean, in
order to provide preliminary data for national inventories of terrestrial car­
bon stocks and greenhouse gas emissions in support of the work of the
Intergovernmental Panel on Climate Change (IPCC). Immediate objectives
are to produce standardized remote sensing data sets, develop standardized
analysis methods and derive standardized land cover change products.

Triplicate Landsat images sets from 1991, 1986, and 1973 (plus or
minus one year). Triplicates for a total 184 individual Landsat MSS scenes
are being compiled and processed from EDC archives. Mexico will be cov­
ered by 102 scenes, Central America by 34 and the Caribbean islands by 48
scenes. It is also noted in the research plan that a separate effort in Brazil
will be conducted for the Atlantic Forest region under the "Deforestation
Monitoring Program".

All data, methods, and land cover products will be made available
to the global change research community. Data will be sold at the nominal
cost of duplication and distribution. All data and products will be
archived by EDC and listed in their Global Land Information Management
System (GLIS) so as to facilitate indexing, archiving and data distribution
and provide user access. Information about NALC products and ordering
may be obtained from: Customer Services, EROS Data Center, USGS, Sioux
Falls, SD, 57198, (605) 594-6151.



Methods:

Land cover and forest
cover classification:

Analysis and classification methods are similar to those being under- •
taken at UMD and UNH. Extensive field work in Mexico, Central America
and the Caribbean is not proposed in the plan but pilot scenes and classifi-
cation accuracy are being tested in Mexico (Chiapas) with help from local
collaborators at the University of Mexico's Geography Department.

The overall NALC Program utilizes a categorization scheme that
combines features from two main systems in use by Federal agencies
(Anderson, et al. and Cowardin. et al., 1976). This is a hierarchical system
with three levels of progressively detailed information. For the areas south
of the U.S., the EPA will use the first two levels as follows (level two with­
in each category is shown in parenthesis): 1) barren or developed land
(exposed land, developed land); 2) woody (forest, scrub I shrub); 3) herba­
ceous; 4) arid (arid vegetation, riparian); 5) snowlice; 6) water and sub­
merged land (ocean, coastal, near-shore, inland); 7) other (cloud, shadow,
missing, indeterminable).

Details for change detection are still under research. The research
plan notes that "The goal of NALC change detection...research is to select
or develop standard change detection methods."

Intermediate and
final products:

Nature and availability
of products, costs and
expected dates:

References:

Standardized data sets will feature Landsat MSS triplicate images
that have been georeferenced and presented in earth coordinates. Products
will include land cover and land cover change data products at 3.2-5.8
hectare (8-14 acre) spatial resolution. The data sets will include: 1) coregis­
teredlgeoreferenced Landsat MSS triplicates; 2) digital elevationI terrain
model (DEM) data; 3) spectral cluster or categorized ground cover data for
each scene; and 4) change detection images. All data sets will be clipped to
the Landsat World Reference System 2 (WRS2) image sampling frame. In
the case of the 1970's images, which conform to the World Reference
System 1 sampling frame, multiple scenes are being assembled and clipped
to the WRS2 sample frame boundaries.

NALe scheduling calls for the production of regional triplicate
LANDSAT image scenes to be under way in 1993 with applications to be
under way in 1994.

Anderson, J., Hardy, E., Roach, J., and Witmer, R., 1976, A Land Use Classification System
for Use with Remote-Sensor Data, U.S. Department of the Interior, U.S. Geological Survey
Professional Paper 964, Washington, D.C. 28 pp.

Cowardin, 1., Carter, V., Golet, F., and LaRoe, E., 1979, Classification of Wetlands and
Deepwater Habitats of the United States, U.S. Department of the Interior, U.S. Fish and
Wildlife Service. Rep. No. FWS/OBS-79/31, Washington, D.C. 103 pp.

USEPA, Office of Research and Development. 1993. North American Landscape
Characterization (NALC) Research Plan, LANDSAT PATHFINDER. (EPA/600/R-93/135)
Washington, D.C. U.S. Government Printing Office. 419 pp.

•

•
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Davis. Sources of data: Landsat image footprints - U.S. Environmental
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Environmenlal Systems Research Inc. (ESRI). ENRiC is 8 project of
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• FAD Forest Resources Assessment 1990 Sample Survey

•

•

Quick facts:

Contact person:

Project name:

Agency/organization(s),
cooperative arrangements:

Satellite Imagery Used:

Brief Description
of Products:

Methodology:

As part of its Forest Resource Assessment 1990 for tropical nations,
FAO undertook a satellite image-based sample survey of the state and
change of tropical forests, including the entire range of woody vegetation
formations. The sample covered roughly 10 percent of the global tropical
forest area. Two Landsat images from dates approximately 10 years apart
are interdependently analyzed to classify forest cover and change for each
scene. Much of the interpretation is undertaken in the countries by local
forestry experts, using detailed guidelines prepared by the Project. The
work continues through 1994.

Dr. K.D. Singh, Forest Resources Assessment Project (FAO, Rome)
011 39657974115.

Forest Resources Assessment 1990 Project.

FAO in cooperation with the donor countries, the United Nations
Environmental Programme (UNEP), the U.S. Forest Service, forest man­
agement agencies of the various national governments, NGO's and a large
number of research institutions.

117 Landsat scenes were selected from a universe of 1,228 scenes, 47
in Africa, 30 in Asia and the Pacific and 40 in Latin America and the
Caribbean. Two cloud free images are sought for each scene - a recent
image from near 1990, and an image from near 1980. MSS images are pre­
ferred for comparability reasons, but TM imagery was used where suitable
MSS imagery was not available. The two scenes used must be at least 5
years apart for change analysis. The three index maps identify the specific
Landsat scenes selected for the sample.

The sample survey results will include a "change information"
matrix designed to lead to an understanding of changing land use patterns
and land-cover overlays and imagery archive for the 117 sample locations.
FAO's Forest Resources Information System (FORIS), which stores and dis­
tributes FAO's global forest statistics, will contains the results of the sam­
pling program. Work completed on 31 of the 47 change pairs in Africa
was employed to develop a change matrix for all of Africa, whose results
were analyzed and published in Forest Resources Assessment 1990:
Tropical Countries (Rome: FAO. 1993). The same report presents a pre­
liminary and simplified change matrix for Asia and Latin America by "eco­
logical zone" (moist lowland, dry lowland, and moist montane) and com­
pares the results with those from Africa.

A stratified random sampling procedure was employed to select the
sample scenes. The sample frame was the Landsat World Reference
System 2. Individual Landsat scenes were the sample units. The tropical
region was divided into sub-regions on a geographical basis. Sub-regions
were then divided into forest cover strata from which a predetermined



number of samples (a minimum of 10 per sub-region) were randomly
selected. The allocation of samples to the sub-regions is made proportional •
to the estimated deforestation. The three index maps identify the specific
Landsat scenes selected.

Visual interpretation and analysis is recorded on clear film overlays
of 1:250,000 scale false color prints. Image interpretation is performed at
regional and national forestry and/or remote sensing institutions.
Workshops were held in Thailand, Kenya and Mexico to train 81 techni­
cians from 27 different countries in interpretation and data compilation
procedures. Land cover classes are interpreted for the two images and
entered into a simple spreadsheet format for the production of a change
matrix for each image pair.

FAO has encouraged, and in instances funded, the verification of the
image interpretation using larger scale imagery, ground or low level aerial
observations, and corrections based on existing inventory and plot survey
data. Interpretation verification (for some if not all sample country scenes)
were carried out in Brazil, India, Indonesia, Mexico, Mozambique,
Thailand, Uganda, Viet Nam and Zaire.

Preliminary image interpretation classes were:Land cover and forest cover
classification schemes:

Land
Woody vegetation

t natural
man-made

t
Other land cover

Water
Other non-interpreted

forest plantation
agricultural plantation

•
Additional classes of woody vegetation cover:

Forest
Continuous

agricultural impact
l- short fallow
L long fallow

no agricultural impact
closed canopy forest 40%

t dense forest>70%
dense forest 40-70%

open canopy forest 10-40%

Fragmented (mosaic of forest and shrubs!other land cover)

t forest fraction 40-70%
forest fraction 10-40%

Shrubs
I- Dense> 40%
L Sparse 10-40% •
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• PANAMAZONIA Project

•

•

Quick facts:

Contact:

Project name:

Agency/organization(s),
cooperative arrangements:

Project objectives and plan:

Satellite imagery used:

The PANAMAZONIA Project is a cooperative effort among the nine
Amazon River basin countries to map and monitor the status of the Amazon
forest with remote sensing tools. Leadership and technology transfer is pro­
vided by Brazil's remote sensing research institute, the Instituto Nacional de
Pesquisas Espaciais (INPE). Landsat images will be produced covering the
entire Amazon basin region, while image analysis, GIS, and related technolo­
gies will be transferred from Brazil to the other nations.

Contact: Paulo Roberto Martini, INPE/DSM, Sao Jose dos Campos,
SP, Brazil. Tel. (23) 41 8977.

PANAMAZONIA Project.

This is a cooperative venture among the nine Amazon basin coun­
tries (Brazil, French Guiana, Suriname, Guyana, Colombia, Ecuador, Peru
and Venezuela, and Bolivia). The Latin American Society of Remote
Sensing Specialists (SELPER) is providing technical and scientific support.
The majority of the in-country participants are SELPER members. Brazil's
INPE is supplying technical know-how and leadership. INPE is experi­
enced at evaluating the Brazilian deforestation situation. Some additional
assistance is being provided by the Goddard Space Center in Greenbelt,
MD. The other implementors are Bolivia's CUMAT Institute, Colombia
(IGAC), Ecuador (CLIRSEN), Guyana (METEOSERVICE), Peru (ONERN),
Suriname (Forest Service), Venezuela (SAGECAN), and French Guyana
(EGREF-Centre Kourou).

The objective is to provide training and computer hardware/soft­
ware from Brazil to neighboring countries in order to facilitate assessments
of the rate of tropical deforestation in the Amazon basin and continuously
monitor the situation.

No specific mention is made in the project report of proposed cover­
age for Brazil. Brazil, however, has conduct its own Landsat-based forest
assessments as far back as 1973. INPE has a Landsat satellite ground receiv­
ing station at Cuiaba, Mato Grosso and image storage and production facili­
ties in Sao Jose dos Campos. It appears that Brazil will bring into the
PANAMAZONIA project the results of its most recent assessment in order
to complete a composite picture of the entire region's tropical forest status.

Satellite imagery used: The total nine country basin area consists of
333 satellite image "footprints" as shown on the index map. However, due
to numerous overlapping scene duplications along border areas, this
requires 229 thematic mapping (TM) image scenes for the Brazilian portion
and 156 scenes covering portions of the Amazon basin in the bordering
countries. Two hundred and seventy Landsat thematic mapping (TM)
images were produced and distributed by INPE as of March, 1992 to the
countries outside Brazil. Another 80 TM images were to have been pur­
chased through EOSAT.



Further proposed
analysis or potential
through GIS applications:

Methodology:

Forest and other land cover
classifications used:

Project applications beyond deforestation may include land use
mapping; forest inventories; cadastral mapping; spatial distribution deter­
minations of ecosystems; and the establishment of "early warning" protec­
tion boundaries of bioecological sites.

This project involves a): selecting and generating Landsat image
scenes at a 1:250.000 scale for two periods (1984-87 and 1988-91); b) transfer­
ring geographic information system (GIS) technology from Brazil and imple­
menting computer data techniques in countries where these procedures are
not available, and; c) training technical staff in the different countries.

The analysis and mapping will include 1) deforestation in the first
period (1985-87); 2) deforestation in the second period (1988-91); 3) a defor­
estation index; 4) a reference to the date of the image by path and row. A
GIS data grid will be organized into 1:250.000 scale quadrangles divided
by 15 x 15 minute cells and information may be retrieved from these small
cells in digital format.

Two classes of vegetation will be mapped: (1) forest areas, both
rainforest and high"selvas,"and (2) naturally"non forested" areas (e.g.
savannas, grasslands). In addition country, state or department bound­
aries; lakes, dams, reservoir boundaries; main rivers and roads; and main
cities will be mapped.

•

•
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The Data Debate

FAD's Results

Pathfinder

The questionable reliability and accuracy of tropical zone defor­
estation estimates has been an issue. Richard Monastersky's Science News
article, "The Deforestation Debate", reviews the range of estimates that
have been published. Large differences among them have confounded a
consensus on the rate of deforestation and the relative urgency of action.
The arbitrator in this debate was to be the 1990 FAD Forest Resource
Assessment for the tropical countries, which at the time (July, 1993) had
not been released.

The publication of Forest Resources Assessment 1990: Tmpical Countries
by FAD in late 1993 produced the newest generation of global forest statis­
tics as well as preliminary results of FAD's satellite imagery analysis.

Statistical results. A series of graphics in this section capture high­
lights of the FAD statistical database. This baseline will now serve as the
authoritative source for deforestation and other forest resources data until
satellite based analyses yield comparable information.

Satellite image sample survey results. Pages illustrating the out­
come of this innovative work are reproduced in this section. The satellite
based sample survey, still in process, has lagged behind FAD's statistical
compilation. However, in Africa analyses of 31 sample frames (of the 47­
frame total), representing a total of 71.6 million hectares of land area, had
been completed by late 1993. The image analyses were tabulated by type of
change, e.g. from forest to non-wooded or to other wooded land, and by
ecofloristic zone, one of the GIS layers with which FAD worked. The
analysis revealed that the process of deforestation varies by ecological zone,
being more permanent in the African highlands than in the moist lowlands,
where short or long woody fallows follow a number of years of cropping.

Deforestation patterns also vary by region. FAD compared forest
cover change in West Africa and in the Amazon, using AVHRR
imagery. In West Africa the closed forest exists as several islands in a
fragmented mosaic of croplands and forest fallow. In the Amazon
deforestation was detected as advancing from a perimeter or from roads
into the core, unaltered forest.

Initial results from the Pathfinder project were published in a June
25,1993 Science article by C. Tucker and D. Skole, reprinted in this section.
In addition to measuring deforestation between 1978 and 1988 in the
Brazilian Amazon, forest fragmentation and the increase in forested areas
within one kilometer of the edge of the forest perimeter were mapped and
measured. The increase was ten times the extent of actual deforestation.
The biological diversity of this accessible strip of forest is endangered by
hunters, selective loggers, and shifting cultivators - the so-called "edge
effect". The analysis foreshadows the value of the Pathfinder work
beyond climate change research.



By RICHARD MONASTERSKY

Estimates vary widely over the extent offorest loss

The Deforestation
hectares in 1978 and 23 million hectares
in 1988, implying an average annual loss
rate of 1.5 million hectares, Skole and
Tucker report in their recent SCIENCE
paper.

Conventional wisdom holds that Bra­
zil's deforestation slackened dramati­
cally after peaking in 1987, in part because
the country's economy slowed, reducing
the land speculation that had motivated
people to clear forest for new farms or
rangeland. If true, that standard theory
could explain why Setzer and others
found so much more deforestation going
on at the peak period than others have
seen in the last four years.

But Skole dismisses that explanation.
"A lot of people are using it as a conven­
ient excuse for being wrong," he con­
tends. Although he, too, finds that de­
forestation rates have dropped in Brazil,
he says the average for the late 1980s did
not range much above 2 million hectares
per year - not high enough to explain the
earlier estimates.

If Brazil's actual rate of forest loss is so
much lower than studies had previously
suggested, how accurate are the various
global estimates? Skole, for one, has little
faith in the sea of numbers. "All of the
published global studies do not use a
systematic approach," he says. "They use
secondary and tertiary sources, anecdo­
tal reports, different time periods, differ­
ent methodologies, different terminol­
ogy. It's the state of affairs right now in
deforestation monitoring. It's kind of a
sad state of affairs, but people are using
whatever resources they have, which are
not adequate."

Before deforestation gained wide­
spread attention in the late 1980s, most
researchers relied on an estimate by FAO,
which concluded in 1981 that tropical
deforestation worldwide averaged 11.3
million hectares per year during the late
1970s. That number stood uncontested
because it was the only figure available.

Since 1989, FAO has been working to
update that global estimate. In 1990, it
released a provisional figure of 17 million
hectares of deforestation per year; but
this March it lowered the global total to
15.5 million hectares per year for the
period 1981 through 1990. K.D. Singh,
leader of FAO's forestry assessment t"''\m
in Rome, explains the change by saying
that his organization's 1981 study over­
estimated the amount of forest remaining
in the tropics at that time, a mistake that
had inflated its 1990 estimate.

By all accounts, the latest FAO assess­
ment represents the most comprehensive
global study to date, having collected
scattered data from individual countries
or provinces and woven them together
using a mathematical model based on
information about forest conditions, pop­
ulation density; and ecological zones.
Singh says his team has striven to find the
best data available, although the quality
and type of data vary from one region to

E•T•A

Institute (WRI) included Setzer's Amazon
figure in a 1990 worldwide assessment.
The high number for Brazil drove up
WRl's global estimate for tropical forest
loss, which was calculated at 16.4 to 20.4
million hectares per year.

Despite the controversy over the Bra­
zilian estimate, WRl's global total seemed
to agree with a provisional number is­
sued by the United Nations Food and
Agriculture Organization (FAO), which
put tropical deforestation at 17 million
hectares per year for the period 1981 to
1990 (SN: 7/21/90, p.40).

Brazil emerged from the WRI study and
others looking like the ultimate forest
destroyer, responsible for roughly one­
third to one-half of the global deforesta­
tion total. That triggered a round of
international finger-pointing, focusing
criticism on Brazil for allowing such rapid
clearing of the Amazon. Brazil, however,
complained that the estimates were inac­
curate and that deforestation rates had
never reached such heights, says Jayant
A. Sathaye, an energy and forestry an­
alyst at the Lawrence Berkeley (Calif.)
Laboratory.

More recent studies have backed up
Brazil's claims. In the last few years,
researchers at INPE and the National
Institute for Research on Amazonia,
based in Manaus, Brazil, challenged Set­
zer's fire-counting technique and began
gauging deforestation by mapping
cleared areas on images taken by Landsat
satellites. Studies that relied partly on
this technique indicated that deforesta­
tion within the Brazilian Amazon aver­
aged 2.1 million hectares per year be­
tween 1978 and 1989 and 1.4 million
hectares from 1989 to 1990.

T he newest estimate for Brazil
goes even lower. David Skole of
the University of New Hampshire

in Durham and Compton Tucker of NASA's
Goddard Space Flight Center in Green­
belt, Md., studied some 200 Landsat im­
ages covering the entire Brazilian Ama­
zon for 1978 and 1988, allowing them to
map the extent of forest and cleared land
for those two years. The images showed
that deforested areas covered 7.8 million

•B•E•

s tales of burning forests cap­
tured headlines in the late 1980s,
a string of rock stars, movie

actors, and even ice cream makers joined
the fight to save tropical woodlands,
helping to transform the awkward term
"deforestation" into a household word.
But recent studies have produced mark­
edly different estimates of the pace of
clearing, raising questions about the ac­
curacy" of deforestation figures that have
floated around policy circles in recent
years.

While tropical forests are certainly
vanishing at a disturbing rate, the wide­
spread disagreement over deforestation
estimates makes it difficult for govern­
ment officials and scientists to assess the
problem. That, in turn, hampers efforts to
gauge the threat of related issues, such as
habitat destruction and global warming.

Concerns about previous deforestation
estimates emerged in the last few years as
researchers from a number of countries
looked into the problem, often using
more reliable methods than before. Most
recently; a study published in the June 25
SCIENCE confirmed suspicions that sev­
eral earlier assessments had drastically
overestimated the rate of forest destruc­
tion in the Brazilian Amazon basin,
thereby inflating some global estimates.

The Brazilian case provides a dramatic
example of how different researchers can
arrive at markedly divergent conclusions
concerning the extent of deforestation. In
1988, Alberto Setzer of Brazil's National
Space Research Institute (INPE) used
data collected by infrared sensors on a
U.S. weather satellite to gauge the number
and extent of fires within the legally
defined Brazilian Amazon - an area that
includes only part of Brazil's tropical
forests. Assuming that 40 percent of the
fires occurred on recently cleared forest,
Setzer's team calculated that 8 million
hectares of forest were cleared during
1987 within the legal Amazon - an almost
unfathomable amount equal to 2.2 per­
cent of the forest.

Although contested by other research­
ers, that alarming number found its way
into several global deforestation esti­
mates at the time. In particular, the
Washington, D.C.-based World Resources
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Annual rate of
deforestation

(percentage)

Annual deforestatiou
1981·1990

(thousands of hectares)'

on biodiversity and climate change. The
climate change convention requires all
countries to provide an inventory of their
greenhouse gas emissions, including
those caused by deforestation. Since fu­
ture treaties may call for all countries to
limit their emissions, the deforestation
estimates will partly determine how
much a country needs to cut back.

"It's going to be increasingly difficult to
publish those individual country [de­
forestation] estimates. If the number is
higher or lower, it has very real political
consequences now," Andrasko says.

cannot respond fully to criticisms of the
new deforestation assessment until FAG
publishes its more complete report,
which will include a breakdown of figures
for individual countries. The report
should come out in late summer, he says.
Singh also hopes to submit the study to a
panel of scientists for peer review.

Some researchers, however, wonder
whether the FAG will delay releasing the
long-awaited numbers, perhaps indefi­
nitely, in hopes of avoiding the intense
scrutiny that will descend on this study.

Ken Andrasko, chief of a forestry sec­
tion in the Environmental Protection
Agency's climate change division, sug­
gests that deforestation studies have ac­
quired political signiiicance in the wake
of last year's Earth Summit in Rio de
Janeiro, where countries signed treaties

T hat lesson was not lost on Brazil,
which released its own deforesta­
tion data on the eve of the Rio

summit. Such studies, as well as the one
by Skole and Tucker, show that while
Brazil may still be number one, it no
longer sits in a category of its own, far and
above every other nation on the list of
forest destroyers.

Although the FAG did not provide esti­
mates for individual countries, the data
released earlier this year clearly indicate
that tropical forests are shrinking world­
wide. Indeed, parts of other continents
are losing a greater percentage of their
forests than is South America, which has

Forest remaining
as of 1990

(thousands of hectares)

DEFORESTATION HOT SPOTS

Continental S.E. Asia
Insular S.E. Asia

East Sahel Africa
West Africa
Central Africa
Tropical Southern Africa

Central America and Mexico
Tropical South .i.merica

World Total in Tropics

Asia

Latin America

Region

Africa

at the time (the Brazilian estimates of 2
million hectares lost annually in the legal
Amazon during the 1980s), that would
leave more than 4 million hectares cleared
each year outside the Brazilian Amazon.

Where, then, is all that missing South
American deforestation? That is pre­
cisely the issue raised by an international
committee of researchers called the in·
tergovernmental Panel on Climate
Change. In a 1992 report, the panel ques­
tioned FAG's South American estimate
(which has since decreased slightly),
saying, "This seems to ascribe a very
high proportion (about 70 percent) of the
total deforestation in South America in
the late 1980s to the region outside the
Brazilian Amazonia, even though this
region accounts for very little of the total
amount of forest on the continent."

But FAG's Singh says researchers have
not appreciated the extent of South Amer­
ican deforestation in the open forest
outside of the rainforest of the Brazilian
Amazon. "This has been one of our main
findings - that the deforestation outside
the legal Amazon basin is quite high," he
told SCIENCE NEWS. The open forest faces a
greater threat because it is more access­
ible and because more people live there
than in the rainforest, Singh says.

Beyond those hints, Singh says he

another. Some local and national govern­
ments have conducted forest surveys
using satellite images, while others have
used ground-based approaches for esti­
mating deforestation.

The success of the FAG effort remains
uncertain, however. Forestry researchers
cannot yet check the new global assess­
ment against other studies because FAG
released only regional deforestation esti­
mates and has not yet issued tallies for
individual countries.

For instance, the FAG numbers re­
ported in March include 6.2 million hec­
tares of forest lost annually in tropical
South America from 1981 through 1990.
That region includes Brazil and six other
nations. To some researchers, the South
American total appears unrealistically
high. If FAG chose the best data available

much more intact forest than other parts
of the globe. According to FAG, the high­
est percentages of deforestation during
the 1980s occurred in southeast Asia, Cen­
tral America and Mexico, and West Africa.

Looking beyond the problem of abso­
lute deforestation, experts say fragmen­
tation and degradation of remaining for­
ests also present substantial threats,
especially to the diversity of plant and
animal life in some of the most biolog­
ically rich habitats on Earth. Indeed,
Skole and Tucker found that the area of
disturbed habitat surrounding cleared
areas grew by more than 4 million hec­
tares per year in Brazil's Amazon, much
faster than the pace of deforestation
there. "Even though the rate of deforesta­
tion was much lower than previous esti­
mates, the effect on biological diversity
was much greater," says Tucker.

To address such concerns, the second
phase of the FAG study will examine the
extent to which people have broken up
forest or removed trees without stripping
an area bare. As part of this work, Singh's
team has purchased high-resolution sat­
ellite images for 117 randomly selected
regions corresponding to about 10 per­

';; cent of the forest-covered land in the
8. tropics. For quality control, his groupr also used these satellite images in the
'" first phase of the study to improve its
~ deforestation estimates.
~ Ideally, FAG would purchase satellite
~ images for the entire tropical belt. But

Singh says the organization cannot afford
~~. the thousands of images needed to cover
3 the tropics.

L- ----J An ongoing NASA project may help

complete the picture. In a program called
Landsat Pathfinder, NASA is funding the
purchase of satellite photos covering
some three-quarters of the world's tropi­
cal rainforest. According to Skole, a par­
ticipant in the project, it will provide the
most accurate assessment of deforesta­
tion to date. As with the Brazilian case,
the research done with satellite data
could show that past estimates have been
inflated. But Skole says the new study
may also uncover much more deforesta­
tion than had been suspected.

The NASA effort does have some criti­
cal limitations. Because it focuses mostly
on tropical rainforest, it will not include
all open forests and dry forests, which
cover just as much territory as do rain­
forests. Moreover, the project is a one­
shot deal, not to be repeated. Experts say
periodic updates are needed, not only to
assess the changing deforestation threat
but also to gauge the resulting increase in
concentrations of carbon dioxide.

Despite its drawbacks, however, the
NASA project should finally provide a
means of checking the global estimates.
"I feel confident." says Skole, "that in the
next two to three years, as our work
comes forward, we will have a much
better idea because we are applying a
consistent method." 0
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Deforestation and Forest Cover Statistics from FAD's
Forest Resources Assessment 1990: Tropical Countries

The charts that follow graph key statistics on tropical forest covered and
deforestation trends. The were prepared from the FAO's FORIS database files.

Definition of tropical forest In the FAO assessment, the term
"forest" encompasses lowland evergreen rainforests and deciduous
moist forests as well as forests in dry, very dry, desert (hot/cold) and
hill/montane ecological settings. FAO defined the lower threshold
of forest cover at 10 percent of the land area. "Open" forest corre­
sponds to 10 to 40 percent forest cover. More than 40 percent classi­
fies as "closed" forest. Average biomass of forests in different cli­
mates show a correspondingly wide range - from 60 metric tons per
hectare(mt/ha) in sparse, slow growing forests in dry climates to
almost 250 mt/ha in South American rainforests.

Total forest cover. Table 1 ranks all categories of open and closed forests
in the 90 tropical countries. The cumulative percentage listing shows that 75 per­
cent of the world's tropical forests are found in just 16 countries. Brazil, with 561
million hectares in forests had 5 times more forested land than Indonesia in 1990,
the second country in the rankings. Brazil houses 32 percent of the world's trop­
ical forests. Deforestation amounts by decade (1960-1990) show that Brazil is
also leading the tropical world in area deforested.

Deforestation 1960-1990. Table 2 shows deforestation as a percentage of
the total forest cover existing in 1960, with absolute amounts in forest noted for
1960 and 1990. It can be observed that Jamaica has lost 75 percent of its forest
cover in the period. For many countries, the amount of land deforested in each
of the three decades is about the same. Only in four nations - French
Guyana, Niger, Puerto Rico and Mauritania- has the amount of forest
remained unchanged.

Rainforests and moist deciduous forests. Concern for tropical deforesta­
tion has focused on the tropical evergreen rainforests. In fact, closed forests in
the tropical lowlands contain enormous tracts of moist deciduous stands in addi­
tion to the evergreen rainforest. Table 3 shows the percentage and absolute
changes for this combination during the last decade. In this brief interval several
countries with considerable areas of forest - Paraguay, the Philippines, and
Thailand among them - experienced deforestation of more than a quarter of the
forest extant in 1981. Jamaica, lost more than 50 percent, dropping from 499,000
to 235,000 hectares.

It should not be a surprise that densely populated nations figure promi­
nently among the countries that suffered the greatest loss of forest cover.



TABLE 1. Tropical countries: land area in forests 1960-1990; 1990 shares of the world's tropical forest.!
Countries ranked by forest size.

hlXI
I
,JIll

500
I

400
I

~,,~?;;; ~'J£i\;-::-~ _7.-~·~~-. 1:'& '" ,.\~l,

million hectar~s

Deforestatiun Deforestatlun
1970-HO 1%0-70

300

""";-':fJ"'''>'''''.~.... - _._.. _.~.

Deforestation
14HO-40

200
I

O~en
Forest (1'140)

t~t '~iiB' *~.

lOll
I

Closed
For~st (1440)

___11
!!!!~ii,;;,;~ ..~CI1I

C)

.1A'fillt~

Ell
Mm
lUI]!

!!~ltIll
~F1l

~1Il

~IJ

-I]
.-n
IlLI
1m1
[.':j]

.1
n~

DUl
.l
I:::U•lUI
[:!]

•.a
L:]
1111
I]
r"''j

•131
[]
m
[]
[]I

111

776

7H4

7'1.1>

32.0

3H.3

44.7

4H.6

51.4

54.5

57.4

60.0

h2.4

65.3

67.2

70.7

nR
73.5

752

76.h

tJ3.1

43.ti

q'J.lJ

'111.2

til 5

1,'1,1

tlL4

lJ2.h

ffilh

~~

~.R

n7

M5

M.6

~3

~1

~H

M.7

~.3

<>
0:.."

<'-~..,.
10. I.o (.

~~;~~..., (.

'".I..... ~
\1,:.. '$.

Q ,.~~ 0
JJ%~ I

12 IUN

27 0.'j'J

12 OHl

34 2.77

54 30tJ

20 2.45

72 2.61

54 2.H2

2~ 2.45

54 1.91

56 1.H4

61 1.65

H3 2.05

hH 0.73

54 1.74

7h 3202

77 6.25

57 6.46

59 3.HH

~n O.hl ,

n 1.32

H5 LOO

57 1.30

hO 0.73

H4 ]04

hO LI3

32 O.'11l

21 O.!l4

lJh 1.05

71 O.hH

2H IIHI

hlJ 1175

'n 0.H4

II lI.h5

43 1135

17 0.72

55 0.55

14 11.47

IhA27

33.HII4

27.971

27,H17

65,144

1>4,437

57,1l52

45,506

41.707

40,6HH

3H,t!20

34,936

1h,2H3

15.575

15,254

15.11XH

14,2511

D,H27

D.7-1h

D,h24

D,I31

12,t!75

2h.443

24,22H

21.711

21,172

20,71H

14,333

14,223

lH,435

lH,725

M4,75H

145,452

134,OH(,

75,711

75,4'!I1

h7,1l34

65,H4H

~~J /\

~ ~~~~. ~
-:. '/,~ '1

-:,~'i) r~r;v ~, %'"1.
1. ~ .~. -J;. ~ r~
~ "f, .;0 • ..;...... r~ 1...

,%'\';.,. ""/;"«, 1"i;., %
1; 'i; ~ -J,;.

J

17J2l }

23,1l74

17.5H3

H,312

h,127

12,5h4

tJ,SS5

ItJ,Hh5

22,7411

12,H5tj

IH,n5

45,h'1I

4tJ,424

42,tJ7h

33,554

32,3111

2H,H56

36,IXIO

12,735

30,5h2

11.434

15,7H2

15,h34

1H.41h

11.%2

14,233

13,173

14,lh5

12,144

14.7hH

12,lh3

5h U07

104544

113,275

ti7,tJllh

4H,5H6

54,OM

51.724

/>

,\
~/~~~

'l 1.
~'J,:..

~ ''1,1;...... ,,J

7 Indid

I'eru

X Vt:>ne/llt>la

q noli\'I.:l

III ~lH-J.Hl

Indonesia

Bratil

II L"lI.1n1.'

3 z.1Ir~

h CplllmhiJ

13 I\l",,"mar

14 I','pu" N~w Cuin~a

15 rh,li"'nd

Ih e~ntr,,1 Afric,ll1 R~p.

17 Angol"

IH Mal""sia

Il) C,lnWflllll1

S Mexico

24 M,ld,lg,1SC.1f

2S Nigeri.l

211 CU\'~'lno1

27 Eeu.lli (If

~H BlIt..,w.ln.l

211 L'll-.

21) ))aragua\'

2'1 Ctlb(ll1

22 ~1(1/.1mbiqut:'

2:' Clln~o

12 Zambia

~" N.Hnibi.l

lH Vit'tn,lTll

:'7 Ch.lIM

111 Fthl<'p'"

11 1\1..11

1,::' CtJtt' (lh"(llft:"

11 C.lmblldi,l

1,2 ~lIrin.H1H;·

14 ell,,,!

~



~
,~

14 1'.lpU" New l,ulne"

IS fh,lil.1nd

I" Cenlr,,1 Afrie.,n Rep.

17 Angnl.1

IX M"lavsia

p.J C,lnlt'rlllln

211 P~H<lgua\'

21 C.lhllll

22 i\tu/"mbiqut!

~" Congo

24 f\.1.H.i.lgi.lS(,tr

2~ Nigt'ri.,

2h CllV,lll.)

27 ECllildtlr

2H (JutsWi.lIli.l

2lJ L1U....

111 Ethinp"l

11 ~1"li

1.2 ~\Ir\n.\rr\t~·

11 C.lmhlIlJi,l

14 eh,ld

or; Cc ltl~ d'lvnirt'

:'11 N,Hnibi,l

\7 ell.lll,l

lH \' ietn.ull

lq I'hilirr ill t'''

·tll ZlInb,l\\'t;'

·11 "'~n~g.ll

4-2 Nll:.H.lgU.l

..13 (;UIIlt'.l

44 lIg,lIld.1

4:; French CU\"lIli.l

-til HlIndura...

47 lJ~nin

4X C'h,len",I.1

411 N~r·,1

SII Llb~r1.1

SI l3urkllli.1 F..l"'tu

~2 1\\.11,1\\'1

C;.\ ) 'i.l 11,1 111.1

S-I I',lkl'i.tan

c;; nhut,lIl

C;h CO.... t.l Ricl

~7 CUillt'.l·(3I .......11J

~X lUb.1

,q "r1 LlIlk.l

Illl r\lgt'r

h 1 OOmmic.ln Republic

h,: ~ilo-',.rt" ,""\\IW

J".IHI

12.735

311.562

23.1174

17,5X3

22,7411

12.X5Y

IX.235

17.3211

IQ.Hh5

15.7H2

15.,,34

IH.411i

11.%2

14.233

13.173

14.I"S

12.144

14.7hH

12.lh3

11,434

h.127

12,5hll

1I5SS

H.312

h.11I4

K.K1I7

7544

h.\l13

h.hLJ2

h.:'.).h

7.l~17

th05

4.l147

4.22S

5.023

4.h33

4.4lh

3,4Kh

3.llh

I,K5S

2.XlIlJ

1,42H

2.1121

1.715

1.74h

25S11

1.077

\ XKq

3X,'1211

34.'136

33.XIIlI

27.'171

27.H17

2h,443

2u2R

21.711

21.172

20.7IX

1'1.333

11I.223

IX.1I3S

IR.725

Ih,427

11i.2H3

1557'

15.2'4

15.0KH

luSIl

13.K27

13.74h

13.1i24

13.131

12.'175

12.SSH

111.711"

ll,4114

lJ.21l7

ll.2114

H.IIII

H,lKl3

7.SlIS

h.XS6

h,5l..1h

hAI7

5.34LJ

5.2114

5.IH'l

4.7hX

4.23X

3.2X7

.1.lISh

2.lJhLJ

2,74 l1

2.71'1

2.SSli

2.343

) ')1(1

H3 2.115

hX 0.73

S4 1.74

22 1.32

H5 IllO

57 UO

hll 11.73

M 1114

27 Otlll

(,fI 113

32 Will

21 O.XlJ

% IllS

71 lI.hH

2H II.XI

hll 11.75

12 II.Hl

12 lI.hll

In OM

X, IINI

II (/.liS

43 11.35

17 11.72

SS 0.5S

3lI OA7

42 03S

2X 1151

4X 1141

7K 034

37 0.3H

14 1I.1h

'II! O,4h

hH 0.2h

5'1 0.2H

hi 0.24

44 0.2' j

54 1I.2h

III 1I.2S

'4 020

h-l 0 IX

11.11

70 1I1h

hll O.lIX

X7 1I 12

2h 1I 10

41 II]()

II.1S

-Ill O.lIh

'\ 01)

72X ~!I

735 I1T1:!I
7S.2 .f%~"tl~

76.6 [.:TI1J
77.6 .11
7R.'1 .tH
7'1.6 f:Ii []
HO.6.1
Hl.1i r:J~

X2H.

113701
K4.5 1:1}
XSIi •

Hid -.II
X71 LJl
H7X 1111
HIl7 IJI
XlI.3 [:'J
1I02.

LJOlJ 111
1I15 EJl
lI]LJ en
ll2h E]
l13.1 OJ
436 III
'140 I~

l145 n
1I4'1 []

1I52 IJ
llS.h []

%0 IJ
LJhA I
%.7 I]
1I70 J]
LJ72 11
'17.5 II
ll7H I
llH 0 I]
9H.2 n
llH 4 m
llX' D
llX? I
lIXX ~

'IK.'I II
ql).O I
lJ'I.1 I
lJlJ2 ~

llll3 ,

1I11.1 R



..s::>-

~ I "eneg,,1

42 NIt,U.lgU,l

~3 (.u:ne.l

~~ L! g,lI1 d.,

-l~ French Cu\,.ma

-Ih Hllndura ....

.+7 Benin

~K Cu.lIem.,l.,

~ll Nef',11

l:,O l.ihPrJLl

C;I Durkirl.l Ll""u

<;2 1\1.,I •• \\',

Ci.1 1).1 11.1 Illd

<;~ Pak,"an

Ii; £lhul.lI1

till Cu,t.l Ric,l

S7 Cuine.l·0i".... ,lU

<;K ClIb••

c;ll I...;ri Llnk"

hO :'\ilgPf

hi DUn1lr1lc.1n Republic

/12 Sit:'rre LePIH:'

1>3 £lei iN

(1..J Equ.ltorJ,:11 Cuint'']

I,C; Tpgll

hh 13.mgl.H.it'sh

117 Kt'IlV.:l

IlH 1.1m.lICl

flll ~(llll<lli,l

711 Maurit,,",.,

71 Brunt'l

72 Puertl) RIco

7.1 EI Sakaullf

N l3urundi

7S Trinidad and TOb.:.'l~ll

7h RW.lnda

77 C.ullhi.J

7K H.,iti

7l) Djihlluti

HI' Capt'Verdt'

HI Singapt1fe

K2 Other Caribbeall 1,3

75~~

1>.1113

h.hlJ2

h,:1.1h

7,l1'-17

~",,<;

~,'147

4,22S

<;1123

~,I>33

~AII>

3AHI>

3,llh

LK<;<;

2,HlIlJ

JA2K

2.021

1.7l<;

1,74(,

2,<;<;11

1.1177

LKKlJ

L'N/>

LK2h

1.3<;3

7hlJ

I.IK7

23lJ

7<;4

<;<;4

~<;K

'11111

123

233

1<;<;

Ih~

ll7

23

22

~IIK

lJ.40~

ll.2117

l),204

K,IIO

K,(m

7,<;9<;

h,K<;!i

h.5.lJ(}

hAI7

<;,3~lJ

<;,2/>4

<;,01>0

4.7hK

4,23H

3.2K7

3,0<;h

2,%l.)

2.7~l)

2.71"1

2,<;<;0

2.3~3

2.210

2,130

2,1I2h

2,IK)2

L"nl

1,311K

lJhH

K5"1

5<;4

<;11

31M 1

2lJ<.1

2M

253

177

m
KII

22

7

h

7<;11

~K 0~3 l.)4lJ 0
7R II.~ lJ<;2 IJ
37 1I.3K "!S.h I]
14 113h llh.O I:]
lJlI IIAh %.4 •

hR 1I.2h %.7 IJ
<;ll 1I.2R \170 rJ
I> 1 1124 l17.2 E
~~ 02lJ lJ75 II
<;~ 11211 "17.R I
IlJ 11.2<; llR 0 ~

<;~ 11.20 l1K.2 n
1>4 O.IR l.)R~ m

0.11 llR5 B
70 O.lh llR? I
1111 O.OR lIX.X ~

X7 0.12 lJHl.) II
2h 0.10 lJlJ.O I
~1 1110 lJlJI I

111 <; lllJ 2 r
4X 0.01> ljll.3

31 0.11 llll4

"n 011 llll<;

72 0.10 lJlJ I>

3<; OOX lJlJ?

14 004 llll?

2 (1.117 lJlj.R

KlJ IUJI lJlI.K

0.04 lllill

I) 1).03 "llJ"

KX (UI3 lJl.)lJ

34 0112 lJ"l.lJ

1<; (UJI lJll.lJ

10 0.01 llll.lJ

49 0.01 ](10.0

11.111 ](1110

12 IJ.lll 1110.0

3 (J.IIO ](10.0

o.m ](111.0

0.00 ](11)0

10 000 1110.0

3K 002 lO(lII

I Includes all forest (over in the SiX e(lllo~ical /ones: tropICal rainforest, moist deciduous. dry deciduous, very dry, desert (hut/cold), hill/montan!! IOIlt'S

2 Open fort'sts havt' 10-4(J1~lfI of ground cover in forest, closed forests have 40(~'o or more.

3 Allt,!\ua and l3arbuda, l3ahama" Dominica, Grenada, Guadeloupe, Martinique, St. Kitt, and Nevi" St. Lucia, 5t. Vincent.

S('urce" FAO, FORIS datab",e.

l3y Alex Tait/Equator Graphics. Produced for USAID by the Environment and Natural Re,ource, Information Center (EN RIC)
ENRIC i, a project of Datex, Inc., ArlinRton, Va.



• • •
TABLE 2. Tropical countries: forest cover change by decade, 1960-1990.1

Country ranked by loss as a percent of 1960 total.
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TABLE 3. Tropical countries: rainforest and moist deciduous forest cover change, 1981-1990.1

ii"lTlaining forest in 14YO Deforestation dUring 1981-1990
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Guide to country rankings in the statistical tables.
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•
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Angola

Bangladesh

Belize

Benin

Bhutan

Bolivia

Botswana

Brazil

Brunei

Burkina Faso

Burundi

Cambodia

Cameroon

Cape Verde

Caribbean Islands

Central African Rep.

Chad

Colombia

Congo

Costa Rica

Cote d'Ivoire

Cuba

Djibouti

Dominican Republic

Ecuador

EISalvador

Equatorial Guinea

Ethiopia

French Guyana

Gabon

Gambia

Ghana

Guatemala

Guinea

Guinea-Bissau

Guyana

Haiti

Honduras

India

Indonesia

Jamaica

Table 1.
Absolute
forest loss
1960-1990

17

66

63

47

55

9

28

1

71

51

74

33

19

80

82

16

34

6

23

56

35

58

79

61

27

73

64

30

45

21

77

37

48

43

57

26

78

46

7

2

68

Table 2.
Forest
% loss

1960-1990

48

4

72

29

57

35

61

59

65

51

63

55

58

12

67

49

43

73

9

7

15

78

8

17

5

66

68

76

52

40

31

18

30

25

74

2

13

39

33

1

Table 3.
Rainforest/

moist deciduous
forest change

1981-1990

47

3

65

28

57

31

58

62

48

42

37

55

33

60

32

54

66

8

35

39

9

15

10

61

69

52

46

25

16

29

45

68

2

11

56

36

1

Kenya

Laos

Liberia

Madagascar

Malawi

Malaysia

Mali

Mauritania

Mexico

Mozambique

Myanmar

Namibia

Nepal

Nicaragua

Niger

Nigeria

Pakistan

Panama

Papua New Guinea

Paraguay

Peru

Philippines

Puerto Rico

Rwanda

Senegal

Sierre Leone

Singapore

Somalia

Sri Lanka

Sudan

Suriname

Tanzania

Thailand

Togo

Trinidad and Tobago

Uganda

Venezuela

Vietnam

Zaire

Zambia

Zimbawe

Table 1. .
Absolute
forest loss
1960-1990

67

29

50

24

52

18

31

70

5

22

13

36

49

42

60

25

54

53

14

20

4

39

72

76

41

62

81

69

59

10

32

11

15

65

75

44

8

38

3

12

40

Table 2
Forest
% loss

1960-1990

54

44

60

46

26

16

41

80

21

47

28

69

38

22

77

45

6

23

70

11

64

10

79

71

42

56

62

20

34

75

32

3

24

14

37

27

19

53

36

50

Table 3.
Rainforest/

moist deciduous
forest change

1981-1990

70

40

59

43

23

13

38

19

41

24

51

14

44

4

17

63

7

64

5

71

49

50

27

18

67

22

6

21

12

30

26

20

53

34
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1980-1990 Forest and Land Cover Change: The FAD Sample Survey

1981 1989

FAO's method to measure deforestation and forest degradation is illustrated in this example. The
partial Landsat MSS scenes are shown above. This is one of the 117 scenes selected in the 10
percent sample of the world's tropical forests. The location is along the Zaire and Zambia border.

FAO's change detection mapping procedure is displayed at right. Images from circa 1980 and
1990 (a) were analyzed separately. In this case two images from circa 1980 were needed to
produce a complete one that was cloud free. The results were compared (b) and a map of forest
cover change was produced. Adjustments to standard dates (1980 and 1990) were made in the
accompanying statistical report (c). Among the findings, the closed forest was determined to
have dropped from 2.11 to 1.63 million hectares in the period, or a reduction from 71.2 to 56.6
percent of the nearly 3 million hectare land area.

By Alex Tait/Equator Graphics. Produced for USAID I'll the Enl'ir01111lCnf and Natural Rcsourc6 Information Ccnter (ENR.ICl
ENRIC is a project of Datex, Inc., Arlington, Va.
Facing page: FAO. 1993. Forest Resources Assessment 1990; Tropical COlmtric, FAO, Rome. p.19



:::hange: The FAD Sample Survey Figure 5
Example of spatial and statistical outputs - sample

04/07/1989

1672.3 143.3
0.9 84.9

c: Sample no. 1510
- Standardized transition matrix compu1

The two matrices reporting the cover class changes fOI
mathematically adjusted to the standard period 1980­
and subsequently combined to form the comprehensb

Cover Classes
Closed Open Long Fragm.
Forest Forest Fallow Forest

Closed forest
Open forest
Long fallow
Fragm. forest
Short fallow
Shrubs
Other land cover
Water
Manmade W.veg

Cover Classes
at year 1980

b: Change maps produced by
comparison of common
areas of recent and historical
images. The 100 possible
class combinations (10x10)
have been reduced to
14 change classes for
display purposes.
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a: Maps derived from interpretation of sa'
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Figure 5
Example of spatial and statistical outputs - sample no. 1510, located along Zaire/Zambia border line

a: Maps derived from interpretation of satellite images of sample no. 1510 ~

RECENT IMAGE HISTORICAL IMAGES (common areas)

04/07/1989 13/06/81 20/07179

b: Change maps produced by
comparison of common
areas of recent and historical
images. The 100 possible
class combinations (10x10)
have been reduced to
14 change classes for
display purposes.

changes (1981·89) changes (1979-89)

c: Sample no. 1510
- Standardized transition matrix computed for the reference period 1980- 1990

The two matrices reporting the cover class changes for periods 1981-1989 and 1980-1989 have been
mathematically adjusted to the standard period 1980-1990 on the basis of transition probabilities
and subsequently combined to form the comprehensive change matrix presented here.

13 576.1 195

160.6 160.6 5.4
21.2 21.2 0.7

24 2.4 0.1

1794 __..llL 2.4 2956.8
61 07 01 100.0-----_ .._--

q1

574.9

Cover Classes at year 1990
Closed Open Long Fragm. Short Shrub Other Water Manmade Total at
Forest Forest Fallow Forest Fallow land Woody ~r1980

Cover _._-~- '000 ha %._------ -_._--
1672.3 143.3 2734 17.5 2106.5 71.2

0.9 84.9 4.2 0.0 90.0 3.0

Cover Classes
at year 1980

Closed forest
Open forest
Long fallow
Fragm. forest
Short fallow
Shrubs
Other land cover
Water
Manmade W.veg

Total at '000 Ha 1673.2 .....:2=28=.2"-- .__~ .__~'_"'_

year 1990 % 56.5 7.7 28.8



•
Tropical Deforestation and Habitat Fragmentation in

the Amazon: Satellite Data from 1978 to 1988

David Skole and Compton Tucker

Landsat satellite imagery covering the entire forested portion ofthe Brazilian Amazon Basin
was used to measure, for 1978 and 1988, deforestation, fragmented forest, defined as
areas less than 100 square kilometers surrounded by deforestation, and edge effects of
1 kilometer into forest from adjacent areas of deforestation. Tropical deforestation in­
creas from 78, 00 square kilometers in 1978 to 230,000 square kilometers in 1988 while
tro!?'cal forest habitat; severely affected with respect to biological diversity, increased from
~8,000 to 588,000 square kilometers, Although this rate of deforestation is lower than
~ revious estimates, the effect on biological diversity is greater.

•

•

Deforestation has been occurring in tem­
perate and tropical regions throughout his­
tory (1). In recent years, much attention
has focused on tropical forests, where as
much as 50% of the original extent may
have been lost to deforestation in'the last
two decades, primarily as a result of agricul­
tural expansion (2). Global estimates of
tropical deforestation range from 69,000
km2 year- 1 in 1980 (3) to 100,000 to
165,000 km2 year- 1 in the late 1980s; 50 to
70% of the more recent estimates have
been attributed to deforestation in the Bra­
zilian Amazon, the largest continuous re­
gion of tropical forest in the world (2, 4, 5).

The area and rate of deforestation in
Amazonia are not well known, nor are there
quantitative measurements of the effect of
deforestation on habitat degradation. We
used 1: 500,000 scale photographic imagery
from Landsat Thematic Mapper data and a
geographic infonnation system (GIS) to cre­
ate a computerized map of deforestation and
evaluate its influence on forest fragmenta­
tion and habitat degradation. Areas of de­
forestation were digitized into the GIS and
the forest fragments and edge effects that
result from the spatial pattern of forest con­
version were detennined.

Background

Tropical deforestation is a major component
of the carbon cycle and has profound impli­
cations for biological diversity. Deforesta­
tion increases atmospheric CO2 and other
trace gases, possibly affecting climate (6, 7).
Conversion of forests to cropland and pas­
ture results in a net flux of carbon to the
atmosphere because the concentration of
carbon in forests is higher than that in the

D. Skole is with the Institute for the Study of Earth,
Oceans, and Space, University of New Hampshire,
Durham, NH 03824. C. Tucker is with the Laboratory
for Terrestrial Physics, NASA Goddard Space Flight
Center, Greenbelt, MD 20771.

agricultural areas that replace them. The
paucity of data on tropical deforestation
limits our understanding of the carbon cycle
and possible climate change (8). Further­
more, while occupying less than 7% of the
terrestrial surface, tropical forests are the
home to half or more of all plant and animal
species (9). The primary adverse effect of
tropical deforestation is massive extinction
of species including, for the first time, large
numbers of vascular plant species (10).

Deforestation affects biological diversity
in three ways: destruction of habitat, isola­
tion of fragments of fonnerly contiguous
habitat, and edge effects within a boundary
zone between forest and deforested areas.
This boundary zone extends some distance

SCIENCE • VOL. 260 • 25 JUNE 1993

into the remaining forest. In this zone there
are greater exposure to winds; dramatic mi­
crometeorological differences over short
distances; easier access for livestock, other
nonforest animals, and hunters; and a range
of other biological and physical effects. The
result is a net loss of plant and animal
species in the edge areas (11).

There is a wide range in current esti­
mates of the area and rate of deforestation
in Amazonia. Scientists at the Instituto
Nacional de Pesquisas Espaciais (12-15)
estimated a total deforested area of 280,000
km2 as of 1988 and an average annual rate
of 21,000 km2 year- 1 from 1978 to 1988.
Other studies (2, 4, 5) have reported rates
that range from 50,000 to 80,000 km2

year- 1 (Table 1). Additional deforestation
estimates have been made for geographical­
ly limited study areas in the southern Am­
azon Basin of Brazil with Landsat and me­
teorological satellite data (16-20).

The Amazon Basin of Brazil has been
defined by law to include the states of Acre,
Amapa, Amazonas, Para, Rondonia, and
Roraima plus part of Mato Grosso, Mara­
nhao, and Tocantins and is referred to as
the Legal Amazon (21). It covers an area of

Fig. 1. Landsat Thematic Mapper
color composite image of south­
ern Rondonia state, Brazil, for
path 230 and row 69 acquired on
5 June 1988. Areas of tropical
forest, deforestation, regrowth,
and isolated forest are labeled.
The area identified as isolated for­
est is about 3 km by 15 km in size.
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Table 1. Tropical forest area (3) and reported tropical deforestation rates by country. The deforestation rates from the 1970s are from the Food and
Agriculture Organization (FAO) (3). The 1980s data are from Meyers (2) and the World Resources Institute (WRI) (5).

Deforestation
Deforestation rates, late 1980s

~.Country
Total forest Percent of rate, 1970s Percent of
area (km2 ) world total world total Myers Percent of WRI Percent of

(km2) (km2) world total (km2 ) world total

Brazil 3,562,800 30.7 13,600 19.7 50,000 36.1 80,000 48.4
Indonesia 1,135,750 9.8 5,500 80 12,000 8.7 9,000 5.4
Zaire 1,056,500 9.1 1,700 2.5 4.000 2.9 1,820 1.1
Peru 693,100 6.0 2,450 3.6 3,500 2.5 2,700 1.6
Columbia 464,000 4.0 8,000 11.6 6,500 4.7 8,200 5.0
India 460,440 4.0 1,320 1.9 4,000 2.9 15,000 9.1
Bolivia 440,100 3.8 650 1.0 1,500 1.1 870 0.5
Papua, New Guinea 337,100 2.9 210 0.3 3,500 2.5 220 0.1
Venezuela 318,700 2.7 1,250 1.8 1,500 1.1 1,250 0.8
Burma 311,930 2.7 920 1.3 8,000 58 6,770 4.1
Others' 2,829,930 24.4 33,300 48.3 44,100 31.8 39,610 23.9
Total 11,610,350 100.0 68,900 100.0 138,600 100.0 165,440 100.0

'Sixty-three other countries.

Table 3. Tropical deforestation, forest isolated or cut off by deforestation, and the area of forest
adversely affected by a 1-km edge effect from adjacent areas of deforestation in the Brazilian
Amazon. Areas that were obscured by clouds were omitted from this analysis. Parentheses
following the edge effect entries contain the ratio between a 500-m buffer and a 1,000-m buffer.

State Deforested Isolated Edge effect Total
(km2 ) (km 2) (km2 ) (km2 )

1978
Acre 2,612 18 4,511 7,141
Amapa 182 0 368 550
Amazonas 2,300 36 6,498 8,834
Maranhao 9,426 705 13,120 23,251
Mato Grosso 21,134 776 25,418 47,328
Para 30,449 2,248 49,791 82,488
Rondonia 6,281 991 17,744 25,016
Roraima 196 4 812 1,012
Tocantins 5,688 337 6,584 12,609
Total 78,268 5,115 124,846 208,229

1988
Acre 6,369 405 23,686 (0.517) 30,460
Amapa 210 1 689 (0.537) 900
Amazonas 11.813 474 36,392 (0.582) 48,679
Maranhao 31,952 2,123 28,147 (0.626) 62,222
Mato Grosso 47,568 2,542 71,128 (0.580) 121,238
Para 95,075 6,837 116,669 (0.633) 218,581 I.Rondonia 23,998 2,408 52,345 (0.657) 78,751
Roraima 1,908 1 5,236 (0.521) 7,145 \

Tocantins 11,431 1,437 6,760 (0.659) 19,628
Total 230,324 16,228 341,052 (0.610) 587,604

SCIENCE . VOL. 260 . 25 JUNE 1993
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Table 2. Predeforestation water, forest, and cerrado land cover for the Brazilian Amazon by state as
used in this study. The values determined in this study were based on the IBGE vegetation map and
by interpretation of satellite data (22). Areas obscured by clouds were excluded from deforestation
and affected forest habitat analyses (9.1% of the cloud-affected data were over tropical forest).

Acre ~ 393
A pa '. 1,188

mazonas 29,842
Maranhao 1,344
Mato Grosso 4,212
Para 49,522
Rondonia 1,462
Roraima 1,817
Tocantins 2,914
Total 92,694

-5,000,000 km2 , of which '-4,090,000
km2 is forested, -850,000 km1 is cerrado or
tropical savanna, and -90,000 km2 is water
(Table 2). Confusion has arisen among
researchers regarding the stratification of
the Brazilian Amazon into forest, cerrado,
and water strata. A Food and Agriculture
Organization (FAO)-United Nations Envi­
ronmental Program study (3)
found 3,562,800 km2 of fores, whereas
Fearnside and co-workers claim t e
4,195,660 km2 of forest, 793,279 km2 of
cerrado (I 7), and 4,906,784 km2 total
(13). Meanwhile, an IEGE study (22)
found 20,972 km2 of water, 3,793,664 km2

of forest, and 1,149,943 km1 of cerrado for
a total of 4,964,920 km2• These differences
prevent comparison of different deforesta­
tion studies.

The use of satellite data and the GIS
make it possible to explicitly stratify Ama­
zonia on the basis of cover types (22),
thereby providing a means of comparison
with other studies. This approach is also
necessary for spatial analysis of habitat frag­
mentation and edge effects of deforestation.
Finally, GIS provides a data management
tool with which we could manage large
amounts of spatial data and precisely merge
and geocode information from the more
than 200 satellite images used in this study.

Remote Sensing

The large area of the Brazilian Amazon
necessitates a straightforward and accurate
method of measurement. Landsat Thematic
Mapper photo products are inexpensive and
of sufficient spatial and spectral resolution
for' the determination of deforestation.
Analysis with visual interpretation tech­
niques produces quantitative results similar
to digital processing of full-resolution, mul­
tispectral data from the Thematic Mapper
and SPOT (23).

We acqujred 210 black and white photo-
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State
Water
area
(km2)

Forest
area
(km2)

152,394
137,444

1,531,122
145,766
527,570

1,183,571
212,214
172,425
30,325

4,092,831

Cloud
total
(km2)

o
53,566
94,058
13,444
8,630

56,807
474

15,232
o

(242,211)

Cerrado
area
(km2 )

o
978

14,379
114,675
368,658
28,637
24,604
51,464

244,005
847,400

Total area
(km2)

152,787
139,610

1,575,343
261,785
900,440

1,261,730
238,280
225,706
277,244

5,032,925

'.
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determined by analysIs of 1988 Landsat ThematiC Mapper Imagery
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not been deforested and Includes both Isolated and larger areas
remaining areas of tropical forest are contiguous among states I
omltled from thiS analySIS

Isolated forest Undisturbed
remaining forest

State
Area Polygons Area Poly~

(km2) (no,) (km"t in:

Acre 405 603 146.025
Amapa 1 2 83.676
Amazonas 474 464 1425.253
Maranhao 2.123 1,035 100,554 1.(
Mato Grosso 2.542 2,016 478.619 2.(
Para 6,837 4.030 1.032,194 4.(
Rondonia 2.408 1.587 187.743 1.E
Roraima 1 2 155,326
Tocantlns 1.437 493 18.894
Total 16.228 10,232 3,628.284 10.~
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lem The affected-habitat
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Table 4. Spatial characlenstlcs of Isolated and remaining tropical torest within the Legal Amazon as
determined by analysis at 1988 Landsat ThematiC Mapper Imagery Isolated forest refers to areas
at forest < 100 km" surrounded by deforestation. Remaining forest refers to tropical forest that has
not been deforested and includes both Isolated and larger areas of forest. Many of the largest
remaining areas of tropical forest are contiguous among states Areas affected by clouds were
omitted from thiS analysis

Isolated torest Undisturbed Range of areas
remaining forest (km2 )

State
Area Polygons Area Polygons Mini' Maxl-
(km2 ) (no.) (km2 ) (no.) mum mum

Acre 405 603 146.025 605 <1 139.215
Amapa 1 2 83.676 3 <1 83.675
Amazonas 474 464 1.425.253 465 <1 1424.779
Maranhao 2123 1.035 100.554 1.042 <1 70.057
Mato Grosso 2.542 2.016 478.619 2.027 <1 471.792
Para 6.837 4.030 1.032.194 4.032 <1 1.021.263
Rondonia 2.408 1.587 187.743 1.588 <1 185.335
Roraima 1 2 155.326 6 <1 152.414
Tocantins 1.437 493 18.894 508 <1 6.982
Total 16.228 10.232 3,628.284 10.276

~raphic imagl" "t the entire Rra:i1I;1ll Am­
a:"n. Thl'\' werl' l'[,Llinl"j with channel
ti\"l' "t r11L' LIl1,!>;l1 Thematll Mapper
(1.')) tl' 1.7) J.lm) ;111:')00.000 scale anll
were pnmaril\' Illlm IQ8S (2·.1-). \X'c' digi­
ti:ec! the dcf,'restec! areas with \'isllal de­
t~'restatil1{1 interpretatl(ln and standar,l
\'eC!pr GIS techniLjues (Fig. I). The digi­
ti:ed scene,s werl' rrpjecte,I intll eLjual-are;1
ge,'grarhic cpprdinates (latitude. lnngi­
tuc!e). edge matche,l, and merged in the
cpmruter t\l l(lrm a single. seamless data-

Sl'! tllr the entlre Br;t:ihan Ama:p!1.
Sr;lti~ll analvsis III the gePllletrv pI c!etl'r­

estatipn is critical tP the estlmatlpn I11 t~'resr

Iragmentati,'n anc! the edge di'l'cl. II IOC
km~ (ll tlllrical,lct,'restatipn I)(CurS as :1 Il'
kill h· 10 km sLjuare anc! we assume that the
ellge dfect is I km. the t,)tal area ati'eC!ed \S
-143 kIll'. In cpntrast. ilthe 100 km~ pf
dcf"restati"!1 is distribute,l ;IS ten strirs.
each 10 km by 1 km. the atfectec! area is
-3,)Okm~.

We extracted Inrest Iragments < 100

km~ that wen~ iso!atec! bv c!el,'restatip!1 anc!
cpmrurec! ec!ge cftec!.S I"r a :OIle nf I km
along the boundaries. All areas "f cl'lsec!­
C<1I1llry tnlrical lorl'st ddpn::sted by 1988
were c!c1ineated, including areas pI secpnd­
ary gn1\\'th PIl aband'lI1ec! fields and rasrures
where visible (Fig. I). Areas pI long-term
lorest degradatipn alnng river margim in
centr~11 Ama:pnia were alsp included, as
were scatterec! small clearings asspciated
with rubber caprers. mining operations.
airfields. and nther small disturbances. All
visible roads, rower hne right nf ways.
pipelines. and similar human-made feature,
were alw digiti:ed int" the GIS and treated
a, delore,tation. We used 50 digital Lmc!sat
Multispectral Scanner (MSS) scenes lrom
1986 an,i 15 digital Thematic Mapper im­
ages from 1988 for detailed examinati"n nf
Acre, Ama:onas. Matn Grosso. Pani. and
Rondonia.

T Ll determine the extent of deforestation
in 1978. we used the GIS tP digiti:e mars of
,call' 1: 500,000 frnm single-channel Land­
sat MSS data, produced jointly by the
Instituto Brasiliero de Desenvolvimentn
Florestal (IBDF) and the ImtitulD de Pes­
quisas Espaciais (INPE) in the early 1980s
(12, 23). These maps did not ditferentiate
between forest and cerrado clearing. We
compilcd forcst, cerrado, anc! water data by
combining a vegctation mar with analysis
01 Landsat images and mereornlogical satel­
lite data (25). Our deforestation and affect-
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I-------~Fig. 3, Map of the Brazil­
ian Amazon Basin show­
Ing where biological di­
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forest, and the 1-km
edge effect of deforesta­
tion. The largest contnb­
utor to the area of nega­
tive effects on biological
diverSity was the 1-km
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patches was not a large
contributor to this prob­
lem The affected-habitat
data were averaged Into
16 kill by 16 kill grid
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ed habitat analyses for 1978 and 1988 were
restricted to closed-canopy forest of the
Brazilian Amazon.

Deforestation and Forest
Fragmentation

Distribution of deforestation and affected
habitat in the Brazilian Amazon for 1978
and 1988 (Figs. 2 and 3) was concentrated in
a crescent along the southern and eastern
fringe of the Amazon [a spatial pattern sim­
ilar to the distribution of fires observed from
thennal anomalies in data from Landsat's
Advanced Very-High Resolution Radiome­
ter (AVHRR) (20) I and along major trans­
portation corridors in the interior of the
Amazon. Deforestation increased between
1978 and 1988 (78,000 to 230,000 km2),

while the total affected habitat increased
(208,000 to 588,000 km2) (Table 3). The
total area deforested increased by a factor of
two to three or more in every state except
Amapa; but it is likely that the deforested
area in Amapa is higher than our assessment
because excessive cloud cover in this region
prevented complete analysis (Table 2). We
found that 6% of closed-canopy forest had
been cleared as of 1988 and -15% of the
forested Amazon was affected by deforesta­
tion-caused habitat destruction, habitat iso­
lation, and edge effects (Fig. 2 and Table 3).

Our analysis of the spatial pattern of
deforestation found a strong tendency to­
ward spatial concentration; areas of undis­
turbed tropical forest tended to be sizable
(Table 4)·. This is more pronounced than
Table 4 indicates because many of the large
areas of undisturbed tropical forest are con­
tiguous among states.

For the entire Brazilian Amazon, our
deforestation estimate is close to, but lower
than, the estimates of Fearnside et al. (13)
and the INPE (15) of -280,000 km2 as of
1988. The difference is a result of three
factors: (i) different stratification of forest,
cerrado, and water; (ii) slightly different
estimates of secondary growth, which is
spectrally similar to intact forest in channel
five; and (iii) positional accuracy, interpre­
tation, and boundary generalization. We
estimate that -30,000 km2 of the difference
is from a different evaluation of the forest­
cerrado boundaries in Mato Grosso and T0­

cantins. By comparison, our analysis suggests
that deforestation estimates based on coarse­
resolution meteorological satellite data in
the southern Amazon of Brazil have overes­
timated deforestation by - 50% (l8, 23).

The average deforestation rate in the
closed-canopy forests from 1978 to 1988
(-15,000 km2 year-I) (Table 3) is higher
than the rate from 1975 to 1978 (3) but
considerably lower than recent estimates
(2, 4, 5, 20). Our estimates can be used in
assessments of net flux of carbon from land

clearing and biomass burning in the Brazil­
ian Amazon. Current estimates of these
fluxes have largely been based on model
calculations with deforestation values much
higher than we report. In addition, many
deforested areas are in stages of regrowth
following abandonment (26). If regrowth is
widespread, estimates of the net flux of
carbon should be further reduced because
carbon accumulates in regrowing biomass.

The preponderance of affected habitat
results from proximity to areas of deforest­
ation (-341,000 km2 for a I-km edge
effect) and not from isolation of forest
(-16,000 km2) or deforestation per se
(-230,000 km2). While the rate of defor­
estation averaged -15,000 km2 year- 1 in
the Brazilian Amazonia from 1978 to 1988,
the rate of habitat fragmentation and deg­
radation was -38,000 km2 year-i. Impli­
cations for biological diversity are not en­
couraging and provide added impetus for
the minimization of tropical deforestation.
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EMERGING DIRECTIONS

New remote sensing technologies, advances in t,he use of existing

technologies, and the integration of on-the-ground monitoring

with remotely sensed monitoring are some of the more impor­

tant emerging directions in tropical forest mapping and monitoring.

In the first paper of this section, "Strategies for Environmental

Monitoring and Assessment of Tropical Forest Ecosystems", two United

Nations organizations, UNEP and FAO, draw on expert advice to outline

steps to...

"address broader environmental issues of forests and the

global carbon and hydrologic cycles, change in biodiversity

and sustainable forest development."

The push in this direction recognizes that"in recent years there has

been a perceptible change with respect to the role and functions of forests.

There is a growing consensus that all aspects of goods and services offered

by the forests...should be considered in a holistic manner. To formulate

policies and strategies, methodologies need to be developed to assess and

monitor the relevant environmental parameters" .

The next paper returns to the global monitoring possibilities offered

by NOAA, Landsat, and SPOT satellite sensors, both low and high resolu­

tion, and the experience to date of the TREES and Landsat Pathfinder pro­

jects. Skole, Justice and Malingreau propose a U.S.A. and European part­

nership to periodically map tropical forest cover at the 1:250,000 scale with

these sensors and to continuously monitor change.

"New Sensors Eye the Rain Forest" published in September, 1993 in

the National Geographic Magazine reports on a new multi-spectral remote

sensor which is being tested in Belize and which may become part of

NASA's Earth Observation System. The greatly expanded spectral dis­

crimination of the sensor could make possible analysis as detailed as the

chemistry ofleaves. This experimental sensor supports Malingreau's sug­

gestion that "there may be novel information on the nature and dynamics

of the forest cover imbedded in the data set, information linked to the

spectral and spatially integrated nature of the measurement".
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Executive Summary

The purpose of this background paper is to present a strategy and
design for future global assessments of tropical forests that build on pre­
sent knowledge and methods and that can address broader environmental
issues of forests and the global carbon and hydrologic cycles, change in
biodiversity, and sustainable forest development.

The present FAO global assessment of tropical forests (FRA90 pro­
ject) is focusing on estimating the state and change in forest cover for the
period 1980-90 for all developing nations. It has taken a two-pronged
approach. First, it updated and developed a data base based on existin&
reliable forest inventory data with emphasis on subnational units. This
data base was used to derive models of forest cover versus population
density, stratified by ecological and geographic regions. The models were
used to adjust all data to common reference years and to estimate forest
cover for 1980 and 1990 and the change in the intervening period. GIS
technology was also used for analysis and integration of spatial, statistical,
and remote sensing data, as well as for reporting results. Second, a new
design and analysis of paired remote sensing scenes was used to estimate
change in forest cover. In addition, a first attempt was made to estimate
biomass of tropical forests. Little to no analyses of biodiversity and
hydrology were made.

Recommendations for information needs and methodology for future
assessments so that global environmental issues can be addressed include:
• Building of ancillary GIS data bases at the country level, to include cli­

matic and edaphic parameters, elevation, potential vegetation, land use,
forest use, demography, and fragmentation indices (e.g., perimeter-area
ratios). This would be immensely useful for analysis of all global issues.

• The present statistical modeling approach (forest cover versus population
density) be continued in the short term until it is possible for more tropi­
cal countries to do national-level continuous forest assessment either
wall-to-wall or some statistical design using remote sensing imagery).
However, attempts should be made to add new data and perform further
validation. The results should also be put into a GIS format.

•

•

•
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• Production of wall-to-wall forest maps based on satellite imagery should
not be the focus of FAO's effort in future assessments; rather they should
focus on working with and coordinating other ongoing efforts by national
and international organizations. This would reduce duplication of effort
and allow for FAO to focus on the other issues, such as classification sys­
tems suitable for use with satellite imagery to detect deforestation and for­
est degradation, linking national to global efforts, and data management.

• The improved estimates of state and change in forest cover will partly
increase the accuracy of carbon flux estimates from the tropics; further
improvements will come about with more accurate and precise estimates
of aboveground biomass. Reliable and tested methods of estimating bio­
mass from forest inventories are available; improvements to the current
biomass regression equations could be brought about by increasing the
data for large diameter trees. Improvements in forest inventories for
biomass estimation include: greater coverage in all forest types, report
stand tables in at least 10 em classes to a minimum diameter of 10 cm,
no-grouping of large diameter trees in one open-ended class, include all
-species, archive results and make available to interested parties, and
locate sampling locations using GPS.

• Add soil sampling and measurements of coarse woody litter to
inventory designs to improve estimates of forest carbon budgets.

• To begin to incorporate biodiversity information into global assessments
by synthesizing existing data using ancillary GIS data layers; cooperat­
ing with other programs that are establishing large biodiversity plots
around the tropics; adding biodiversity parameters into forest invento­
ries; and including botanists / zoologist with the inventory teams.

To accomplish many of the above recommendations involves estab­
lishing a single sampling framework within which all forest monitoring
activities would take place, including satellite imagery interpretation and
field data collection. Individual countries would receive support and be
responsible for data collection, using global standards, and reporting in
their country. Data should be aggregated, reported, and disseminated at
global levels (e.g. FAO). To make this system work will require coopera­
tion from all member countries; they will benefit as the plan is also one
that promotes sustainable forest development.

We recommend a three-phase plan of action to get this job done.
For the first, conceptual phase (about 1 yr), two experts meetings need to
be held (UNEP/FAO taking the lead) where a workable strategy, including
work plans, standards, guidelines, etc., is developed. The key aspect of the
second, preparatory phase (3-4 yr) is the development and establishment of
pilot studies in key countries, particularly those who currently monitor
their forest resources by remote sensing. The final operational phase
would be to revise methods, standards, guidelines, etc. if needed; provide
training to other countries; develop data sharing, reporting and aggrega­
tion protocols; and scale up to the whole tropics.
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Introduction

The United Nations Conference on Environment and Development
(UNCED) held in Brazil in 1992 focussed world attention on forests.
Extensive discussion within the UNCED process led to agreement to a
global forest action program. Three of the problems singled out for global
action, Le., (1) protection of the atmosphere, (2) protection and manage­
ment of land resources, and (3) conservation of biodiversity, are directly
related to the world's forests. Now that the world's leaders have shown
commitment to these global issues, it is time to evaluate what we know
and what we need to know about global forest resources.

•

There have been numerous world forest assessments and for the
tropics alone (Table 1); the 1990 tropical forest assessment project (FRA90)
represents the state of the art. However, because global interests on forests
continues to evolve rapidly and because conducting a global assessment
requires about a decade of effort, we are now evaluating the best strategies
for conducting future global forest assessments even before the 1990
assessment is completely finished. Future global assessments of forests
must answer the same questions that previous assessments were designed
to answer: Le., area of forests, rates of deforestation and degradation, pro­
ductive potential of forests, human impacts on forest lands, etc. as well as
being useful for addressing resource management and assessment ques­
tions that have been posed very recently, some even after the 1990 assess­
ment was already in progress.

The purpose of this background paper is to suggest strategies for the
design and execution of future global assessments of tropical forests. To
accomplish this we will (1) discuss the present state of knowledge about
tropical forests based for the main part on the FRA90, (2) discuss what we
need to know in future assessments, and (3) how to obtain reliable informa­
tion to meet these needs. Of importance here is whether the assessment can
provide sufficient information about the broader environmental issues of
the role of forests in the global carbon cycle and global greenhouse effect,
change in biodiversity, the hydrological cycle, and sustainable forest use.

CurrentSbteofKnowledge

During the last decade or so, the FAO /UNEP has done a more in­
depth assessments of tropical forests using a uniform approach (Table 1).
The resulting FAO/UNEP 1980 and 1990 (the present tropical FRA90)
assessments, the most comprehensive to date, are probably the most used
and most discussed of any global assessments of forests). Now is the time to
evaluate these assessments to determine if they address the current as well
as the constantly changing needs of society at the national and global scales.

The focus of the 1990 assessment is to present both an estimate of
the forest cover as of 1990 and an estimate of the changes in forest cover
during 1980-90 for all developing countries (104 countries, with 87 tropical
ones). The 1990 assessment built and expanded on the 1980 one. It first

The purpose of this back­
ground paper is to suggest

strategies for the design
and execution offuture

global assessments of
tropical forests.
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•
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updated and developed a data base based on existing forest
inventory! survey data, with emphasis on the subnationallevel, compiled
in a standard format. Emphasis was placed on historical data to develop
multi-date data for estimating trends in changes of forest cover.
Geographic information system (GIS) technology was also introduced for
analysis and integration of a variety of spatial, statistical, and remote sens­
ing data sources. New analysis of remote sensing data were used to make
independent estimates of changes in forest cover in a statistically sound
manner. In addition, special projects were included to deal with other
related issues such as forest degradation, biomass content, and biodiversi­
ty. Because the FRA90 project differed considerably from its predecessor
most of the further discussion will be restricted to this assessment.

Classification schemes for tropical forests

The FRA90 defined forests as ecosystems with a minimum of 10%
crown cover of trees and! or bamboos, generally associated with wild flora,
fauna, and natural soil conditions and not subject to agricultural practices.

•

•

The data base on existing inventories classifies forest lands by local
vegetation types, forest formation (closed, open, broadleaf, coniferous,
etc.), forest ecosystem function, ownership, legal status, use (protection,
production, logged, etc.), and plantations. This method of data gathering
allows for summary statistics by country, region, or globe to be presented
by anyone of these classification systems.

A major addition to the FRA90 assessment was the introduction of a
GIS component. The impetus for inclusion of this component was that it
would allow for analysis and integration of data from a variety of sources
and in a variety of formats including statistical and spatial data. The addi­
tional benefit of this component is that it allows for different ways of inte­
grating and presenting the data to meet the various needs of the users. GIS
data bases were obtained from a variety of sources or generated by the
project and included: ecofloristic zone maps, vegetation maps, demograph­
ic data at subnationallevels, topography, FAO soils map, and protected
areas map. The emphasis in these GIS data bases is global. All of them are
useful for developing several of the classification systems commonly used.

The FRA90 project also developed a land-use classification scheme
to be used with remote sensing scenes to assess changes in forest lands
other than just deforestation. The land-use classes included closed forests,
open and degraded forests, fragmented forests, other wooded lands, and
non-wooded lands. Completing these land-use change matrices from the
sampled remote sensing scenes at this level of classification, coupled with
the GIS data bases described above, will greatly enhance our knowledge of
the dynamics and processes of tropical land-use change.

A major addition to the
FRA90 assessment was

the introduction ofa
GIS component.

J , I
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Estimates of current status of forest cover

Statistical data from existing surveys

Almost all countries in the tropical zone have conducted one or
more surveys of their forest resources. The information in these surveys
varies tremendously, from broad data on extent of forests to detailed data
on commercial timber, legal status of forests, etc. The scale also varies
from national inventories at multi-dates to an inventory of a small region
at one time. Summaries of the information have often been published in
reports, but a lot more detailed data generally remain hidden in files in the
countries or with the cooperating institutions. In addition, much of the
information is scattered all over the world and is reported to different
standards, definitions, and classifications.

•

One of the main activities of the FRA90 was the extensive collection,
compilation, and review of the existing reliable data from national invento­
ries into a standard, computerized format, referred to as the Forest
'Resources Information System (FaRIS 1990). All data included in this data
base were reviewed and incorporated into a common framework of defini­
tion and classification. The FaRIS 1990 served as the basis for one set of
estimates of forest area in 1980 and 1990 and the rate of change (deforesta­
tion) during this period. Because the data on forest area contained in the
FaRIS 1990 data base have different reference years, a modeling approach
was taken to adjust all data to common reference years of 1980 and 1990.
The models developed were logistic functions of percent forest cover ver­
sus population density at the subnational scale. These were applied to the
data in the FaRIS 1990 data bases to estimate forest area for 1980 and 1990,
using subnationallevel data on population density and its growth rate,
and ecological zone distribution of the geographic area under study.

Because the data were gathered and estimated at the subnational
scale, a spatial representation of sorts is possible, although spatial delin­
eation of forest boundaries is not possible (Le., a forest map). The resolu­
tion will vary from country to country based on the size of the subnational
units. With a spatial representation of forest cover, manipulations with
other GIS data layers are possible. Results can be reported by any of the
GIS data layers given above.

Satellite imagery

Assessment of forest cover will be estimated from the statistical sam­
pling procedure of remote sensing scenes. It will also be possible to report
results using a classification system for forest vegetation types (closed,
open, degraded, recovering, etc.). This phase of the FRA90 will not be
completed by the end of the project in October 1992.

One of the main activities of
the FRA90 was the exten-
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Estimate of change in forest cover

Statistical data

•

•

Deforestation is defined by FRA90 as change of land use with the
depletion of tree crown cover to less than 10%. Forest degradation, not
included in the assessment of change here, is defined as changes within the
forest class (from closed to open), which negatively affect the stand or site
and, in particular, lower the production capacity.

Deforestation rates reported by the FRA90 are the average annual
rates for the period 1980 to 1990. The methods described in the section
above were used to estimate forest cover for 1980 and deforestation during
1981 to 1990, with estimates expressed as an average annual rate for the
period. Average national rates were derived from subnational results, the
regional rates from the national, and the global rates from the regional. As
with the forest cover estimates, results could be represented spatially to the
subnationallevel of resolution. Also, results can be reported by the six
-ecological zones and by demographic factors.

Satellite imagery

Remote sensing played a key role in addressing change in forests in
the FRA90. All options available were considered, in consultation with
experts in the field, for using remote sensing to assess forest change. A
new technique of change assessment was developed based on high resolu­
tion Landsat TM imagery. A sampling intensity of approximately 10% was
chosen resulting in the selection of 117 pairs of scenes. The future plan is
to continue the process each year so that the whole tropics would be cov­
ered on a 10 year cycle if sampling is without replacement. As the cycle
restarts, the first set of images could be updated using new imagery.

A classification system of forest vegetation types was developed so
that a land-use change matrix could be produced to allow for estimation of
deforestation, forest degradation, and forest recovery, either through ame­
lioration of current stands or afforestation. Analysis of the images pro­
duces estimates of the state of forest cover for '1990', and change in the
interval. About 30% of the 117 selected images have been interpreted to
date, thus results at regional and global scales are not yet available. This
methodology will provide the capability to determine what kinds of forests
(closed or already degraded) are being cleared or degraded. Areas of each
of the land-use categories can also be derived giving another estimate of
the area of tropical forests, but at a finer level of detail.

Carbon cycle of tropical forests

Land use changes in the tropics produce sources and sinks of atmos­
pheric carbon dioxide. Carbon sources are produced when forests are
cleared or degraded; carbon sinks occur during forest recovery and refor­
estation/afforestation. To determine the contribution of tropical forests to
the global carbon cycle requires information on rates and types of forest
land-use change and their initial and final carbon contents.

Deforestation is defined by
FRA90 as change of land
use with the depletion of
tree crown cover to less

than 10%.
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The present state of knowledge on forest area and rates of change
described above will partly improve estimates of carbon fluxes from tropi­
cal forests. To further improve the carbon flux estimates from the tropics
requires improved estimates of the carbon content or biomass of forests
undergoing change.

Biomass

The total biomass of a forest includes: all trees above a minimum
diameter, including main stem, branches, twigs, leaves, and bark, roots,
understory, vines, pahns, fine and coarse forest litter, and soil organic mat­
ter. This quantity is usually referred to as the biomass density with units
expressed in t/ha or Mg/ha. However, the present estimates of biomass
include only the aboveground mass of trees above 10 cm diameter because
these can be made from forest inventories. The biomass density of other
aboveground plants tends to be a small percentage of the total «5% in
closed forests; Brown and Lugo 1992), although in open forests it may be a
larger proportion. Biomass of roots varies widely from about 20 to >50%
ofthe aboveground biomass density but the small, available data base pre­
vents reliable extrapolation to large spatial scales. Estimates of fine litter
(leaves, twigs, fruits, flowers) by main ecological zones is reasonably well
known for tropical forests (Brown and Lugo 1982), but estimates of coarse
litter (woody debris) are very poorly known, and could be as much as 30%
or more of the aboveground biomass density in mature forest stands.

It is feasible to make estimates of aboveground biomass density
because methods are available for converting traditional information such
as volume per unit area (gross volume over bark in m3/ha for trees to a
minimum diameter of 10 cm [VOB]) to biomass density (Brown et al. 1989,
1991, Gillespie et al. 1992). These methods were used to estimate above­
ground biomass density and total biomass (biomass density x forest area)
as part of the FRA90. The basis for the estimates was the VOB data report­
ed in the FORIS 1990 data base. This approach is of unknown reliability
because much of the VOB data in the FORIS data base was produced by
educated guesses. There are few forest inventories that produce VOB esti­
mates that include all species and all trees to a minimum diameter of 10
cm. Future inventories must overcome this limitation. Unreliability also
exists in the expansion factors and specific gravities used to convert vol­
umes to biomass units.

Biodiversity

No assessment of biodiversity has been made for the whole tropics.
A data base on the biodiversity of protected tropical areas was prepared by
the World Conservation Monitoring Centre as a special project for the
FRA90. All surveys of flora and fauna that had been done in the protected
areas were summarized in this document. As the locations and extent of
the protected areas are in a GIS data base, it will be possible to overlay this
data base with other relevant layers (e.g., ecological zones, subnational
demographic data) as a first step in investigating relations between biodi­
versity and environmental and/or human factors. Other topics that could

To further improve the carbon
flux estimates from the tropics
requires improved estimates of
the carbon content or biomass
offorests undergoing change.

Biomass estimates reported
in FRA1990 are based on

much data consisting of
educated guesses.
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whole tropics.
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be addressed by this GIS analysis are the adequacy of the network of pro­
tected areas and whether all the important ecological zones are represented.

Hydrologic cycle

No assessment of this issue has been made in the FRA90.

Forest health

No assessment of this issue has been made in the FRA90.

Information Needs and Methodology for
Future Global Assessments

Forest classification

The FRA90 assessment has made great strides in presenting results
suitable for a variety of users by incorporating GIS, from forest planners to
policy makers (national and global) to scientists dealing with global envi­
ronmental issues. By stratifying the tropics according to several classifica­
tion systems, the FRA90 has been able to make more reliable estimates of
state and change of forest cover even down to national and subnational
levels. Future assessments should build on the current methods, particu­
larly with respect to GIS application. All countries or regional centers
should be encouraged to generate the ancillary GIS data bases summarized
in Table 2. Any national system that is in map form can be combined with
the global system through GIS methods. The key is that national systems
must be mapped and must be able to be aggregated into the global scale.
All GIS data bases at the national level must be based on standard, reliable,
and objective guidelines.

•

We know that the structure and function of forest ecosystems are
regulated by environmental and human factors and their interaction. The
distribution of forest lands can be correlated to these factors. We need to
know how these factors interact to produce changes in the landscape that
affect the global environment. An understanding of the causal relation­
ships between environmental and human factors and their influence of for­
est ecosystems enables the building of models for projecting future trends
in resource management and environmental issues.

An ideal system for classifying forest lands should be hierarchical,
starting with the fundamental environmental factors that are believed to
regulate their structure and function at supranational spatial scales, and
ending with subnational scales. Additional data can be added to this over­
all system to take into account the human influence on the landscape, as
well as the multiple uses of forest lands. All assessments of resources
should take advantage of GIS technology to generate pertinent data layers.
This approach results in maximum flexibility and usefulness of future
resource assessments and is possible because the GIS technology is now at
a stage of development that allows for general use and application at rela­
tively low costs.

An ideal system for classi­
fying forest lands should be

hierarchical, starting with
the fundamental environ­

mental factors that are
believed to regulate their
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For analysis of tropical forests, the factors to be considered include
the following (Table 2): rainfall (average annual amount), seasonality of
rainfall, growing season length, elevation, slope classes, soil textural class­
es, and soil quality classes (e. g., flooded, stoneyI rocky, shallow, etc.). GIS
data layers of these factors should be produced using a uniform approach
across all countries and regions. Many of these GIS data bases can be or
have been produced by the FRA90. The digital soils map is an exception,
and efforts must be made by the appropriate organizations to revise this.
New interpolation algorithms must be developed to produce realistic "sur­
faces" of these data rather than geographical representations of point data.
Then more complex combinations of these factors can produce other layers
of interest such as potential productivity of the land.

•

The present FRA90 EFZ data base should be retained and refined as
it provides a measure of the potential vegetation as well as climatic or eco­
logical zones. Data layers can be aggregated to produce maps of broad cli­
matic or potential vegetation zones similar to those used in the present FR
A90. This needs to be done with input from national, regional, and global
experts. For example, is the present grouping of EFZs into the six ecologi­
cal zones appropriate? We recommend that the present grouping for glob­
al reporting be re-evaluated to include the following considerations: (1) the
hillI montane zone needs to disaggregated to include climatic factors and
(2) the lowland rainforest zone needs to divided into at least two classes to
identify the very wet zones (> 3,500-4,000 mm/yr of rainfall) because of
the implications to biodiversity (Gentry 1982), biomass density (Brown and
Lugo 1982) and water resources. Use of GIS to generate systems for classi­
fying lands based on climatic and physical factors and potential vegetation
would meet national needs (based on fine resolution data) and must be
amenable for regional and global assessment through aggregation.

Actual vegetation cover or land use would be the next level of the
hierarchical classification system as this reflects human activity. Here vari­
ous types of forest cover need to be distinguished. The present system
used by FRA90 for interpreting remote sensing scenes needs to be amend­
ed for use at all scales. The present use of the closed and open forest class­
es is too broad as they do not account for activities that reduce their bio­
mass and biodiversity but not enough to change their appearance on
remote sensing imagery (e.g., illicit logging). Nor can such broad cate­
gories always distinguish between mature forests and some secondary
forests (those recovering from past disturbance such as logging, recently
logged, long-cycle forest fallow) that once again may look similar on
remote sensing scenes. Various degrees of degraded forests (intense log­
ging, short cycle fallow, over-burning, over-grazing, intense fuelwood col­
lection, etc.) and younger secondary forests also need to be distinguished.
Not only do all these different land uses influence the carbon, nutrient, and
water cycles, and biodiversity, but they directly impinge on the value of
the forests for timber and non-timber products. Clearly, to classify forests
into all these categories is an immense task and will require field data col­
lected at the national to subnationallevel. However, it is obvious that this
information is needed to address national and global needs.

FAGs forest classes of
open and closed do not

account for activities that
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A classification based on local forest types is desirable and usually of
more of interest at the national scale, although it does have implication for
biodiversity. Better inferences on biodiversity can be made when forests
are classified in greater detail, i.e., more categories.

•

•

A system for classifying degree of forest fragmentation should also
be included as this has an impact on biodiversity and biomass density.
Studies suggest that isolated forest fragments lose species. A measure of
fragmentation is also useful for identifying forest at risk for deforestation
or degradation. Other studies have shown that the more fragmented the
forest, the greater potential there is for deforestation or degradation as the
forest are more accessible to human use (Brown et al. 1993, Liu et al.
1992). These studies used perimeter to area ratios of GIS vector-based for­
est maps. Developing a system of classifying forest lands by perimeter to
area ratios is clearly a task for the national to subnational scale as it
requires maps of forest lands in a GIS vector format.

Finally, a classification system based on social and economic factors
should be developed as the last level of the hierarchical approach that we
recommend. Factors to be included are population density, land owner­
ship, and forest use (preservation/protected areas, timber production, non­
production, minor forest products, etc.). Once again, GIS data bases for
these factors would be the system of choice and they should build on those
already produced by the FRA90.

As remote sensing data will be used more and more in future assess­
ments of forest lands, classification systems based on vegetation cover or
land use must be compatible with what can be interpreted remotely. This
will generally entail greater use of high resolution data and field studies.
A wall-to-wall map for the whole tropics based on a simple forest/nonfor­
est classification has limited relevance to the carbon cycle and biodiversity.

Future assessments must continue to refine the definitions of forest
land-use classes in a more objective way. Because forest degradation is
becoming just as important as deforestation, objective criteria must be
developed to distinguish the various classes of degraded forests as each
class has different impacts on global phenomena as well as its own man­
agement challenges. Furthermore, other wooded areas such as living
fences, community and family gardens, line plantings, etc must be assessed
as they can contribute significantly to global biomass pools, etc.

State and change of forest cover

Statistical data

We recommend that the present approach (based on the model of
percent forest cover versus population density) be continued for the near
future until it becomes feasible for more tropical countries to do a national­
level continuous forest assessment. However, the models should be further
validated with additional data collection. Future efforts should also
attempt to increase the sample size for each ecological zone (strata) to

A system for classifying
degree offorest fragmentation

should also be included as
this has an impact on biodi­
versity and biomass density.
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increase preaslOn. This should be feasible as results from new and ongoing
forest inventories are completed. Furthermore, this analysis will be compat­
ible with the high resolution satellite imagery work as it will provide
insights to the human dimension and enable new models to be developed.

Present and future assessments using modeling of statistical data
should be put into a GIS format (percent forest cover and change by subna­
tional units for the whole tropics) for use by interested parties. For exam­
ple, such a product would be useful to scientists modeling the past and
present role of tropical forests in the global carbon cycle (part of the US
DOE effort to Global Change Program) as it would complement and
extend similar data bases produced and in process of being produced as
far back as 1850 to 1980 (Flint and Richards 1991,1993). A GIS data base of
percent forest cover and change in cover would also be useful for investi­
gating other relationships between these data and other environmental
and/or human factors that are or will be in a GIS data base form. This
could be useful at regional to global scales, but of limited use at national
scales because of the low resolution.

Satellite imagery

The current method for assessing state and change of forest cover
based on a sampling of remote sensing imagery is adequate, and has great­
ly improved the 1990 assessment. Considering the level of support provid­
ed to this assessment by FAO, the FRA90 has done an admirable job.
However, there is room for improvements. The interpretation of satellite
data could be improved if additional data were gathered to increase the
number of categories of forest cover identified. It is of particular impor­
tance that"no change" in the closed or open forest category really means
that no change has occurred when in fact biomass could have been
reduced by illicit logging or fuelwood collection, for example.

We recognize that field validation of these images is very difficult,
but as the images are often interpreted by experts in the area it may be
possible to quantify potential risks of activities that reduce biomass.
Indices of fragmentation or socioeconomic factors in GIS data bases may be
ways of approaching the problem. Case studies in selected areas are need­
ed to address this question.

The present FRA90 does not include the production of wall-to-wall
forest maps for the tropics using satellite imagery. Part of this was caused
by the cost, and corresponding lack of resources, of such an operation and
part by technology problems. There has been much discussion on this
topic from technical and needs perspective. There are many problems
with producing such maps because of resolution, classification, multi-date,
and cost / time considerations.

The advantage of wall-to-wall forest maps is that it would allow for
the full power of current computer technology, e.g., GIS, to be used to
develop relationships between forest cover and change and other environ­
mental or human factors and improve models of the global carbon cycle of
forests. This advantage must be sought after.

•

•
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We recommend that the production of wall-to-wall forest maps
based on satellite imagery be the focus of FAO/UNEP's effort in future
global assessments. Because there are currently a number of organizations
(e.g., TREES, NASA, Dutch initiative), countries (e.g., Brazil, Thailand,
Zaire), projects (e.g., SEAMEO) involved with mapping forests using satel­
lite imagery, future assessments by FAO /UNEP should not use their
resources to duplicate this effort. Rather they should concentrate on the
other issues raised in this paper (biomass, biodiversity, GIS data bases, etc.)
and focus on working with the remote sensing effort to resolve various
issues like (1) best classification systems of forests to account for environ­
mental and human factors, (2) linking national to global efforts, (3) accuracy
and precision requirements, and (4) data management (collection, archiving.

The carbon cycle

•

•

A conceptual model of the carbon budget of a forest is shown in
Figure 1. To increase the accuracy of carbon flux estimates from tropical
forest lands requires that the net carbon balance equation (Figure 1) be
evaluated for each change in land use over time. This implies a modeling
approach with geographic specificity, Le., using modeling with GIS data
bases on types and rates of land-use change coupled with similar types of
data for each component of the carbon budget (this approach is being
attempted by scientists supported by the US DOE to a multi-institutional
team with Brown, Fung, Hall, Houghton, Lugo, Richards, and Skole as
leaders of their respective teams).

The largest contribution to the net carbon balance occurs when the
aboveground biomass density of a forest (trees of all size classes) is altered
by clearing for agriculture, logging, degradation, or rehabilitation/succes­
sion. Aboveground biomass densityis also the component of the carbon
balance that is relatively easy to estimate right now as the data required
can be readily obtained from standard forest inventory techniques, but
with some modifications. The other components of the carbon balance are
important but less readily measured without massive efforts. Fortunately
some of these other components tend to change slowly, if at all, as long as
some form of forest cover remains (e.g., soil carbon, belowground biomass,
and fine litter). Mass and dynamics of coarse litter are very poorly known
and additional effort will be needed to improve this state of affairs.

Biomass

Significant improvements in accuracy of carbon fluxes could be
brought about with more accurate and precise estimates of aboveground
biomass density. The present data base on VOB is too unreliable to make
global estimates with any acceptable degree of certainty. A GIS modeling
approach offers an alternative, but to date only South and Southeast Asia
are completed (Brown et al. 1993, Iverson et a11993); the other two tropical
regions will not be completed until about two years from now.
Improvements in this modeling approach would benefit from a wall-to-wall
map of forest cover. A remote sensing approach to estimating biomass den­
sity has been tried with limited success in temperate forests, but no success

The present database is too
unreliable to make global esti­

mates of biomass with any
degree of certainty.
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has been possible yet with the complex tropical forest landscape (Sader
1988). We believe that more traditional approaches will have to be used
until remote sensing techniques become a reality. Even then, measure­
ments on the ground will be needed to validate the remotely sensed data.

Improvements in the near term could be brought about with
improvements in forest inventories. However, first there are several prob­
lems that need correcting with the current inventories in relation to their
use for biomass estimation. One area of improvement is expanding the
real coverage of inventories and including more forest classes. Very few
tropical countries have national inventories; many cover small subnational
units and tend to be done in IIcommercial" forests only. In addition, many
inventories often do not include all tree species and use a relatively large
minimum diameter (more than 30 cm or so). Studies have shown that
more than 20% of the aboveground biomass can be in the missing smaller
size classes (Gillespie et a1. 1992). Introducing factors to "expand" volume
estimates to include these smaller trees introduces more error. Moreover,
the volumes measured are not always standard across all inventories.

We recommend that future inventories should consider these factors
and that standards should be set and adhered to so that future inventories
can be used to make more reliable estimates of forest biomass density.
Identifying the locations of inventoried plots using a global positioning
system (GPS) would be useful for biomass modeling studies. Furthermore,
globally located simple soil sampling for texture classes, depth, and pres­
ence of particular edaphic conditions as part of the inventory would con­
tribute to improving the present FAa soils map. Concurrent studies can
also be done to improve the accuracy and precision of the conversion fac­
tors. Generally volume estimates from inventories are within <10% of the
mean 95% of the time; errors in the conversion factors are not known at
this time, but are likely to exceed 10%.

We believe that more reliable estimates can be made with inventory
data using a different approach. A standard method of estimating forest
biomass is the application of biomass regression equations to allometric mea­
surements of all trees (to some minimum diameter, usually 10 em) in plots of
known area. The regression equations generally relate the biomass of a tree
to its diameter or (diameter)2 * total height. Different functions are used
including polynomials or geometric (d. discussion in Brown et al. 1989).

Brown et aI. (1989) collated and analyzed biomass data that had
been produced by the harvest of individual tropical trees. The data were
stratified by three major ecological zones (dry, moist, and wet) and sets of
separate biomass regression equations (based on different independent
variables of diameter alone or diameter and height) were developed for
each strata. Various analyses demonstrated that grouping all trees from
the same ecological zone, regardless of region of origin, was valid. Recent
work in Brazil compared a locally derived biomass regression equation
with the corresponding one reported in Brown et a1. and found excellent
correspondence (I. F. Brown et aI. 1992). These pantropical equations
have been used to estimate aboveground biomass density (point and 99%

•
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confidence interval) using forest inventory stand tables for many tropical
countries (e.g., Brown et al. 1991). Production of forest biomass maps are
also possible using this approach when stand tables are keyed to mapped
forest types (Brown et al. 1993). Error due to the regression equation was
on average <10%.

We believe that this approach for estimating biomass density is the
best one available, and it is amenable for use in any continuous forest mon­
itoring program (section 4.0). However, at least two improvements are
needed before wider use. First, the data base for the biomass regression
equations needs to be increased, particularly in the number of large diame­
ter trees (>70 em). A systematic collection of such data from a variety of
forest types and geographic and ecologic zones would accomplish this.
Cutting and measuring trees for producing local volume tables is often
standard practice in forest inventories; biomass of these trees is obtained
relatively easily with a few additional measurements. We believe that the
emphasis should be on pantropical equations because the large sample size
needed to reduce regression errors at local scales may be impractical.

Secondly, stand tables need to be developed using uniform stan­
dards. For example, diameter classes should be uniform in width and
preferably no more than 10 em, and large diameter trees should not be
lumped into one open-ended class. The distribution of the large diameter
tees (>70 em) is important because trees above this size class can contribute
up to 45% of the aboveground biomass density.

•

To improve biomass density estimates to the same level of precision
as the improved land-use change estimates, within the next decade or so,
will require ground sampling. One approach is to establish a permanent
plot network. Stand tables could be produced from this network for the
various forest classes, and biomass density estimated. These would serve
as the baseline for subsequent measurements. If a completely new sam­
pling design is developed along the lines discussed in section 4.0, establish­
ment of permanent plots for biomass assessment must be part of this plan.

Other forest components

The establishment of a permanent plot network will enable estimates
of several of the other carbon budget components to be made. Soil sam­
pling and analysis for carbon content is well established and relatively
straightforward. This component could be readily added to inventory
work. Estimating the amount of coarse litter, or woody debris (diameter
>10 em) is also straightforward and could be included in inventory
designs. The method of choice, based on its simplicity of measurement, is
the line intersect method used to estimate forest fuel loads (Brown 1974).
The biggest hurdles in these additional measurements most likely will lie
with institutional and technical interest and support for the job.

To improve biomass density
estimates to the same level of

precision as the improved
land-use change estimates,

within the next decade or so,
will require ground sampling.
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Biodiversity

The term "biodiversity" is a vague concept, with different meanings
to different people. From the perspective of environmental monitoring
and assessment, it is necessary to define biodiversity in terms of exactly
what is to be measured and monitored. For our purposes, it is appropriate
to speak of diversity of species (or genus), recognizing that different sam­
pling methods will be required for different types of organisms (trees,
vines, herbs, animals, insects, etc.). Furthermore,"diversity" itself is gener­
ally considered to encompass two concepts, evenness and richness. We
limit our discussion to assessing tree species richness in tropical forests at
this point as accomplishment of this task alone would greatly enhance our
understanding of global biodiversity.

The incorporation of biodiversity information into global assess­
ments of forests presents a significant challenge because identification to
species of many organisms is poorly known. Among plants, trees are bet­
ter known than any other group, with useful herbs, vines, etc. (chiefly

-medicinal) following. Birds and hunted animals are probably among the
best known groups of animals. In addition, the number of trained biolo­
gists that can identify organisms is at best limited. Initially, assessments
will have to be limited to the most fundamental aspects of the biodiversity
issue, namely the species richness component. Other aspects of biodiversi­
ty such as genetic diversity or intra-population variation are impractical to
approach at global scales at this time. However, from species richness
information, quantitative estimates of tree density, and a variety of GIS
data bases, it will be possible to estimate indices of species evenness, and
spatial aspects of species diversity such as the geographical distribution.

We propose a four-phase approach to the problem of species rich­
ness assessment. The first phase is already in progress and it deals with a
quantitative synthesis of the patterns of species richness in tropical forests
(one of the FRA90 special topics). Such a synthesis would take advantage
of current ecological understanding of how species numbers change in
time and space in different ecological zones. This analysis should build on
the few generalizations accepted by ecologists who deal with the problem
of explaining the patterns of species richness (Table 3). Of particular value
in this initial phase would be the degree to which the variation in species
numbers can be explained by climatic factors, ecological zones, area con­
siderations, ecosystem maturity, and forest condition (disturbed, degraded,
fragmented, etc.). Correlations such as these would allow extrapolation of
data to larger spatial scales as they are compatible with GIS data bases pro­
posed to be used with the overall forest assessment.

A second phase, also in progress in the scientific community, would
be the testing of suggested correlations of species richness and specific
field situations. This requires a network of plots where species counts of
any plant or animal group can take place. The best model for this is the
fixed, large plot approach formalized recently by the Smithsonian
Biodiversity Program (Dallmeier 1992). In these biodiversity plots, plant
and animal species can be inventoried quantitatively over extensive time

"Diversity" itself is gener­
ally considered to encom­

pass two concepts, evenness
and richness.

We propose afour-phase
approach to the problem of

species richness assessment.

•
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periods, similar to the CFI plots traditionally used by foresters. The inno­
vation of the Smithsonian is their almost exclusive focus on biodiversity
assessment. To be useful for national inventories of biodiversity, these
plots need to be established under a variety of land uses and forest types
so that a better idea of the effect of state and change of forest cover on
regional biodiversity can be attained. More coordination between
FAO/UNEP and this effort is needed.

A third phase of our proposal involves the incorporation of biodi­
versity parameters into routine field inventories. Forest inventory data can
be used to make some inferences regarding species richness of trees in
tropical forested landscapes. Many inventories (both past and present)
made a substantial effort to identify trees to the level possible (e.g., to the
family or genus level if not to the species level), and to include all trees
above some lower diameter limit. These inventories have tended to be
ignored by the scientific community based on the belief that they have not
been conducted by professional botanists, which is not always true. While
such data are typically summarized in final reports, it is possible that inter­
im reports and/or raw data are available which can be used to draw some
inferences about the richness and evenness in the distribution of tree
species. Research in this area is ongoing, but greater effort is needed for
future assessments.

At the ground level, slight modification in traditional inventory
methods would yield large returns in our ability to assess tree species rich­
ness. Experienced local botanists should be included in the inventory
team, to train field crews in proper species identification, as well as to
identify rare or unknown trees from samples returned by field crews. All
trees should be included in the inventory. Other vascular and non-vascu­
lar plants need to be inventoried using smaller subplots. Raw data should
be made accessible to appropriate researchers and other users. We strong­
ly recommend that complete tree counts and identification be part of the
normal tropical forest timber inventories. We believe this can be started
relatively quickly. FAa and other donor agencies should consider recom­
mending such policies in all inventories with which they become involved
in the future.

Ultimately, it would be desirable to develop models of expected
plant species richness given environmental and human factors (Table 2) as
well as geography. This would allow use of GIS data bases to refine sam­
pling for monitoring tree species richness by increasing sampling in areas
of high diversity and high expected change.

The fourth phase of our proposal is the development and applica­
tion of modeling techniques for the estimation of biodiversity. The data
bases that will result from the previous three phases should be diverse
enough in terms of types of forests and land uses that are sampled and
groups of organisms covered, such that fairly accurate predictors of species
richness can be attained. When properly calibrated, such models should
become the predominant tool for extrapolating results from small scale
work to larger scales and to predict potential changes associated with
human use of the landscape.
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The hydrologic cycle

Like the carbon budget, the issues of interest here are the effects of
land-use change on the water budget, including, primarily, effects on the
quantity and seasonality of surface flow, or stream discharge, and evapo­
transpiration. Common knowledge tells us that forest clearing and degra­
dation significantly impact these pathways of the hydrologic cycle. Also of
concern is the potential impact forest clearing has on local to regional rain­
fall patterns. To date no assessment has been done to address any of these
issues at national to global scales in the tropics.

•
Ideally, hydrological models (empirical and process oriented) need

to be developed that are suited for simulations at global to regional scales
as with the carbon budget models. We suspect that this goal is still a ways
off, partly caused by the lack of a coordinated effort to generate global data
bases. Nevertheless, modeling the hydrologic cycle is much simpler than
modeling the carbon cycle. Therefore, we believe that it is technically fea­
sible to simulate water models using a GIS approach and land-use change
databases.

A first step in assessing the impact of changing tropical forest land
use on the hydrological cycle has been taken, namely generation of GIS
data bases of long-term, average annual rainfall amounts and patterns
(input to the hydrologic cycle). To complement this data base, one for
stream discharge also needs to be developed. It is likely that the vast
changes in tropical land cover over the last several decades have altered
the quantities and seasonality of discharge. With the availability of long­
term records, this could be analyzed by experts in this field.
Evapotranspiration data are more difficult to obtain and will, most likely,
need to be assessed via modeling approaches.

We recommend that a committed effort be made to gather all the
stream discharge data scattered around the tropics in such a way that it
can be developed into a GIS data layer. Units will need to be standardized
and the preferred choice is on a unit area of catchment basis (e.g., em or
mm per yr). Full documentation of each station will also have to be made,
including: the exact location of the station (latitude, longitude, elevation),
the length of record, how frequently the data are collected (continuous,
daily, weekly, etc.), stage-discharge relationships and how frequently they
are re-calibrated, etc. The capability must also exist for scaling up to
regions and the globe. The FRA90 project demonstrated that such a data
gathering operation is feasible as witnessed by the compilation of the
FORIS 1990 data base; this approach could be used as a model for gather­
ing hydrologic data.

Forest health

Forest health, like human health, is a concept. It cannot be directly
measured; rather, one measures a variety of indicators and, based on the
joint values of those indicators, makes an assessment as to the present state
of health. Forest health is a topic of great interest in the temperate zones,

We recommend that a
committed effort be made

to gather all the stream
discharge data scattered

around the tropics in such
a way that it can be devel­
oped into a GIS data layer.

•

•
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where environmental degradation associated with industrial development
is perceived to adversely impact the forested environment through mecha­
nisms such as acidic deposition and increased ozone levels. Forest health.
outside the context of deforestation is not presently a topic of great concern
in the tropics; however, it is likely that interest will increase along with
increases in industrialization and public awareness of industrial-environ­
mental interactions. This is an area where FAO should anticipate great
interest in the next forest assessment, and where we might begin planning
for addressing that interest now.

•

•

Various types of forest health monitoring systems are in place in
temperate countries. Most of these systems combine remote sensing of
large areas with on-the-ground monitoring of various indicators of forest
health, e.g. mensurational, biogeochemical, visual, and other obvious
symptoms. Such a system would be technically straightforward to develop
or expand for tropical regions; the logistics of implementation within and
across countries might be more difficult. There would be great value in
establishing a baseline now, against which future changes in forest health
might be measured. Such a system would be readily incorporated into a
systematic sampling frame appropriate to many other global forest
resource assessment activities.

Strategy for Future Needs

Tropical forest assessment includes an interest in knowing both the
state and change of tropical forests area and condition, and their effects on
biomass density, other carbon pools, biodiversity, water resources, etc.
(Table 4). From a monitoring perspective, this implies the existence of
some kind of periodic assessment, with the assessment at any given time
being our best estimate of the present state of the resource, and the differ­
ence between assessments used to estimate the rates and magnitudes of
change in the resource. .

For state and change in forest area and condition, production of
wall-to-wall maps from high resolution satellite imagery is the best
approach as this reduces sampling errors to a minimum. An alternative is
to use the combination of coarse imagery for stratifying a sampling design
using high resolution imagery. Production of global forest maps from
satellite imagery should be the goal of the many projects already involved
with this task. Production of such maps should not be the focus of
FAO/UNEP's future goals; their role in this effort should be as described
in the "satellite imagery" section.

There are many sampling considerations in devising a monitoring
system to address both state and change in the other aspects (biomass, bio­
diversity, etc.) of forest resource assessment. There are trade-offs involved
in using independent assessments at each point in time (as was done from
1980 to 1990, when the methodology changed dramatically) vs. using a
single set of permanent plots over time. There are numerous possible com­
promises, e.g., sampling with partial replacement (Ware and Cunia 1962).

Forest health monitoring sys­
tems combine remote sensing

of large areas with on-the­
ground monitoring of vari­

ous indicators offorest
health, e.g. mensurational,
biogeochemical, visual, and

other obvious symptoms.

For state and change in
forest area and condition,
production of wall-to-wall
maps from high resolution

satellite imagery is the
best approach as this

reduces sampling errors to
a minimum.
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Estimation of change is obscured if the sampling methodology
changes over time. Changes in the sampling method, sampling frame, or
assessment criteria will introduce additional variation or "noise" into the
estimation of change, reducing our ability to measure and detect "true"
change. For this reason, the more stable the monitoring system over time,
the more powerful is the assessment.

•
Many things can be done to reduce the "noise" in the system. One

approach would be to develop a uniform sampling frame covering the
whole tropical forest area. This sampling frame could be used for forest
cover and change assessment (basis for sampling high resolution satellite
imagery) as well as ground studies for biomass, biodiversity, forest health,
etc. If wisely designed, such a frame could not only be used to design a
monitoring system suitable for the global scale, but could also be readily
intensified locally (e.g., for a single country or part of a country). This
would allow for smaller scale inventories which could be readily linked to
the global scale, and would address national needs as well as regional or
global interests. FAO has already made a step in this direction by adopt­
ing the sample-based forest assessment of 1990. This concept could be
expanded upon to include sampling at more stages (e.g., on the ground).
It is apparent that GIS technology will play an important role in this sam­
pling framework, thus GIS analysts will need to be included in the design
team so that any new and innovative hardware and software needs are
developed at the same pace.

This approach would require multilateral cooperation to develop
minimum set of mutually agreeable standards, while allowing for more
specific standards to be used within any country. Cooperation and sup­
port by many institutions from developing and developed countries would
be necessary to implement such a system; the larger global community
should also be involved, sharing experiences gained in present monitoring
activities and sharing the burden of the cost.

The goal would be a single sampling framework, stable over space
and time, within which all forest monitoring activities could take place.
Individual countries would receive support and be responsible for data
collection within their country. Data collection would agree with the
broad global standards, but could include extra in formation of local inter­
est (e.g., nationally-used timber types or land use classification schemes).
The data should be aggregated, reported, and disseminated at regional
scales by regional centers and at the global level by FAO. The system
would be flexible to address both current policy questions, as well as
future, unanticipated policy questions.

This proposed system would be substantially more complicated and
expensive than the present system to devise and implement. Nonetheless,
if the global community is committed to monitoring the state and change
of the tropical forest resource base, some kind of uniform system is the
most economical approach. Having just finished one assessment, and with
global interest in the environment increasing yearly, the time is ripe to
begin planning this next logical step in our monitoring capabilities.

The goal would be a single
sampling framework, stable
over space and time, within
which all forest monitoring
activities could take place. •

•
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Challenges to development of a global strategy

To implement our proposal requires an unprecedented level of coor­
dination at national, regional, and global levels. The immense progress that
has been made between the forest assessments of 1980 and 1990 in response
to many of the changing needs of society demonstrates that this is feasible.
However, we anticipate several challenges in implementing our proposal
but we feel confident that the global community can rise to these challenges
as all elements to resolve them are available. These challenges are:
1. Development of institutions and human resources such as knowledge

and skills, at the national and regional levels.
2. Development of technical capabilities, such as access to remote sensing

and GIS technology, at national and regional levels.
3. Development of the interest to contribute to global assessments at the

country level.
4. Development of the overall coordination of the global network. This

needs a tremendous amount of coordination and organization to keep
information flowing between all levels and to develop ways to reconcile
global assessments with country needs. We believe that this should be a
future role of the forestry division in FAa. Obviously, this will require
additional staffing and resources.

Recommended Action Plan

To make the future strategy for a global assessment of tropical
forests work requires an immense input from and support for many kinds
of organizations and institutions, from national to global levels. The key
will be to obtain cooperation from all member countries who will benefit
from this approach as the kinds of information needed for the global
assessment are the same as those that promote sustainable forestry devel­
opment programs. Thus the above strategy is not just one to improve
global assessments but also one that promotes sustainable development of
forest resources at the country level.

Here we suggest a plan of action for the short-term (next 5 yr) and
longer term (10 yr) that is, we believe, necessary to get the job done. It has
three phases: (1) conceptual, (2) preparatory, and (3) operational.

Conceptual
a. The experts meeting organized by UNEP in Nairobi, December 1992 is

the first step. This meeting must strive to produce an agreement and
recommendations for a workable strategy for future assessments that
deals with the present global environmental issues as well as being flexi­
ble enough to address future, unanticipated ones (section 4.0). Key
"players" must also be identified for the remote sensing effort (interna­
tional organizations, regional centers, countries?).

b. An experts meeting composed of representatives from developing and
developed countries, regional centers, and other international organiza­
tions (e.g., IUFRO, IGBP, IPCC, EROS Data Center, TREES, NASA) in
early 1993 (UNEP/FAO taking lead), to decide operationally how to
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accomplish the various aspects of the overall strategic plan. Preparation
of coordination tasks, working plan, field guidelines, standards, quality
assurance programs, etc. would be products from this meeting.

Prepatory
a. Meeting of representatives from a few interested countries, particularly

those already in possession of remote sensing-based forest maps (e.g.,
Brazil, India, Thailand, etc.), with UNEP/FAO as lead coordinators in
mid-year 1993 to develop proposals for pilot studies (at subnationallevels
or that build on present national forest inventories) that incorporate the
recommendations from the above two meetings. These proposals must
show linkages to the global assessment strategy; must plan to use the uni­
form methods, guidelines, and quality assurance programs; must show
that cooperation is planned between national forestry departments,
research institutions, and regional centers; and must have a training com­
ponent. These proposals would be used to secure funding (e.g., from the
GEF) for the pilot studies. These pilot studies would propose to essential­
ly plan to measure the parameters identified in Table 4 according to the
methods, etc. developed by the two meeting in the conceptual phase.

b. Put pilot studies into operation (about 2-3 yr). Periodic meetings of rep­
resentatives from each pilot study, hosted on a rotating basis by partici­
pants, to share results, experiences, problems, solutions, etc.

c. Reevaluation of standards, guidelines, QA program etc. at end of pilot
studies. Revise as needed.

Operational
a. Identification and development of regional centers. Meeting of repre­

sentatives from regional centers and pilot studies and FAO and remote
sensing projects to develop guidelines for role of centers with respect to
developing wall-to-wall maps for regions; data sharing, management,
and documentation; data aggregation; sample analysis; etc.

b. Training and expansion into whole tropics in second five year period
(1995-2000).

c. Meeting of representatives from regional centers and overall coordinating
institution to discuss methods of data sharing, reporting, aggregation, etc.
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Table 1: Characteristics of FAD forest resource assessments •
Characteristics 1950-60 1980 1990

Questionnaire Centralized Centralized Sampling
Approach Evaluation Evaluation Technique

and Modeling

1. Input data

1.1 Acquisition and source of data Compilation of Compilation of Compilation of New survey data
country statistics existing survey geo-referenced from remote

data (and some existing survey sensing including.
remote sensing data and maps use of existing sur-
data) vey data and maps;

approach following
Continuous Forest
Survey Inventory
Design

1.2 Reporting unit Country Country Province Sampling unit

1.3 Errors due to variations in classifica- Very high (10-50%) High (10-30%) High (10-30%) Little « 5%)
tion and measurement standard
among countries

1.4 Variations in reference data 2--20 years 2--20 years 2--20 years 2--3 years •among countries

1.5 Variations in data quality Very wide Wide (10-20%) Wide (10-20%) Narrow (5-10%)
among countries (10-40%)

1.6 Spatial compatibility Low Low Low High

1.7 Temporal compatibility Low Low Low High

2. Processing techniques Simple data Empirical Standardization to Common
aggregation and adjustment to common classifi- classification;
adjustment to achieve common cation; modeling statistical evalua-
reference date classification and to estimate state tion to estimate

reference date and change state and change

3. Output data

3.1 Assessment unit Country Country Country Initially
global! regional;
later by country

3.2 Variations in specification High No No No

3.3 Variations in reference date High No No No

3.4 Reliability of state assessment Low Medium-high Medium-high High •3.5 Reliability of change assessment Very low Low Low-medium High

4. Costs Very low Medium Medium High

\?Ja)
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• Table 2: Data bases required, in GIS format, to meet forest
classification needs at national to global scales

Data needs Scale

Global Regional National

Environmental factors:

Annual rainfall/ seasonality • • •
Growing season length • • •
Elevation • • •
Slope classes • • •
Soils (texture and quality) • • •

Potential vegetation

Ecofloristic zones • • •
Human factors

Actual vegetation cover • •
General forest types •• Forest use (protection, timber,

minor forest products, etc.) •
Fragmentation • • •
Demography • • •

•

Resolution

Aggregation capability

Low--------------- High

Hi~ L~
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Table 3: Some generally accepted statements about patterns of
species diversity based on scientific observations.

• The diversity of most groups of plants and animals rncreases toward the
tropical latitudes and within tropical latitudes species diversity increases
towards the equator.

• The number of species (plants and animals) together per unit area of
land is usually greater in the tropical rain forests and lower in high
latitudinal ecosystems.

• Tropical forests have a higher diversity than high-latitudinal forests in
all scales of measure: within habitat, between habitats, and landscapes.

• Within a given altitudinal belt in the tropics, the number of tree species
increases with increasing rainfall.

• Across altitudinal belts, the number of tree species and bird species
decreases with increasing altitude.

• In islands, the number of animal species increases with the size of the
island and with proximity to a continent. If the topography of the island
is rugged, the number of species also increases.

• Tropical mountainous areas (particularly high mountains) support a
larger number of species (plant and animal) than equivalent temperate
mountains because environments range from lowland tropical at the
base to alpine conditions at the summit.

• Ecosystems with severe limiting factors such as high salinity, floodin&
.or freezing temperatures have reduced species richness.

• As rain forests recover from disturbance by acute events such as hurri­
canes or fire, species diversity increases in the disturbed area until a
peak is reached after several decades.

• High-yield systems under intensive human management are species­
poor, and increase in species richness to values observed in less dis­
turbed and more mature systems when management pressure for high
yield is reduced.

• The landscape is not uniform in terms of its species diversity. Often
pockets with a large number of species can be interspersed within areas
of low species diversity.

•

•

•
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• Table 4: Summary of strategy for future forest assessments

Items Parameters Strategy Main Players

Classification forest lands GIS data bases of parameters Collect necessary data and All levels
in table 2. build GIS data layers; revise

present systems.

Forest land-use and condition Refine definitions to be com- All levels
(mature, degraded, etc. classes). patible with national needs

and satellite imagery.

State of forest cover Area of land-use and Wall-to-wall map using National and international
condition classes. low I high resolution data and projects and FAO

sampling framework.

Change of forest cover Change of forest cover by Multi-date maps with National and international
land-use and condition lowI high resolution data and projects and FAO
(deforestation I degradation). sampling framework.

Carbon cycle Aboveground biomass of all Develop standard sampling Global
forest classes assessed in state framework for continuous
and change of forest cover. monitoring coupled with RS.

Use network for National• sampling.
Improve present and future National FAO
inventories.

Soil organic carbon and Same as for biomass. National and FAO
deadwood

Forest products Timber, fuel, fodder. Derive from biomass. National and FAO

Biodiversity Species richness of trees and Same as for biomass. FAO and national
understory plants.

Development of models of International
relations between species
richness and environmental!
human factors.

Hydrological cycle Forest cover by catchments. Part of forest cover and Regional to global
change assessment with addi-
tional data on catchments.

Forest phenology. Part of forest cover change National to regional
assessment.

Global GIS data base on all Collate data and produce GIS All levels
steam discharge data. data base (using FORIS 1990

data base as model).

Forest Health Various parameters that Same as Biomass. All levels
measure health (section on
forest health).
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A Satellite-Based Tropical Forest Information System

David L. Skole, Institute for the Study of Earth, Oceans, and Space, University of New Hampshire

e.O. Justice, Department of Geography, University of Maryland

J.P. Malingreau, Institute fOl' Remote Sensing, Joint Research Center, CEC

The System Design

The importance of having a comprehensive operational tropical for­
est monitoring system has been expressed in nearly all areas of scientific
and policy endeavor. The United Nations Conference on Environment and
Development (UNCED) highlighted the need and urgency of such a system.

There already exists considerable technical and scientific expertise,
as well as an installed infrastructure, to bring such a program immediately
on-line. This document provides a blueprint for the development of a
Tropical Forest Information System (TFIS), which could be developed with
U.S. leadership in cooperation with European partners. It is possible that
such a program could be operational within one year by expanding exist­
ing U.S.and European tropical forest monitoring activities.

Required characteristics of a tropical forest monitoring
and information system

•

A comprehensive Tropical Forest Information System will need to
meet an array of basic requirements, fulfilling the needs of both the global
science and international policy communities, and at the same time remain
useful at the national level for forest management concerns. Moreover,
while the overall objective would be to create a system in support of an
operational monitoring program, it must be recognized that an effective
operational program must also contain, or couple to, a basic research and
development component. Research and development is crucial to the sys­
tem, since it provides the means to keep the effort current with state-of­
the-art technology and methods, as well as focused on emerging scientific
and forest management issues. Thus, the system should meet a set of
mandatory requirements, which include:
• the data and information generated by the system need to be made avail­

able in a timely fashion to the broadest possible user community,
• the system must incorporate global and national objectives. The analyses

and results must therefore be amenable to nesting at different scales,
• the key forest parameters to be analyzed must be clearly identified; sci­

entific and management issues can be addressed using the data and
information,

• the system must support forest planning and management as well as
global change scientific objectives including, biogeochemical modeling,
hydrological modeling and biodiversity studies,

• it must also have permanent observing capabilities,

Editor's Note: The text has been excerpted
from a longer paper by the same title pre­
pared in June, 1993. The proposed informa­
tion system addresses the global monitoring
needs related to international efforts dis­
cussed at UNeED to slow greenhouse gas
emissions and the loss of forest cover in the
tropics. The system described adopts a
remote sensing approach employing experi­
ence to date in detecting and mapping
forests and forest cover change from space.
A coordinated program that links European
and U.S. efforts is proposed.

•
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• it should be sufficiently flexible to incorporate new developments in
satellite sensing technology and geographic data analysis. The system
should be supported to ensure that the necessary research and develop­
ment is undertaken in tandem with operational activities,

• any such continuous monitoring system must have an "alert component"
to identify areas of potential and new alteration,

• the system must provide regular comprehensive coverage of all forested
areas by high resolution instruments for measuring changes with a
desired accuracy of 10% every three to five years. Areas of rapid alter­
ation may need to be monitored at a higher temporal frequency,

• data-bases produced from the system must be spatially explicit and
include information on rates of forest change, forest type, biomass densi­
ties and information related to the process of deforestation such as popu­
lation density and distribution, infrastructure, access and land use,

• all analyses must be supported by an independent validation mechanism,
• results of remote sensing data analyses must feed into more comprehen­

sive analyses, which incorporate a series of essential geographical and his­
torical information to permit predictive modeling of trends in forest use,

""and the system must incorporate the accumulated experience of numer-
ous international and national agencies in forest survey.

Components of the Tropical Forest Information System

The component parts of the proposed Tropical Forest Information
System (TFIS) are outlined in Figure 1. Essentially there are two compo­
nents: a remote sensing component which provides the basis for monitor­
ing, and a non-remote sensing component includes the provision of a
ground based biomass, soil carbon and other data. Similarly the informa­
tion system should be able to support the development of predictive mod­
els of forest change and the data sets needed to run such models. The lat­
ter models would be used to focus the monitoring system to areas of
potential alteration, and for strategic policy assessments.

Remote Sensing

The remote sensing component of the TFIS has two parts:

1. A periodic deforestation assessment at high spatial resolution.
2. A continuous forest cover assessment at low spatial resolution.

Both components are operated at global scales, with complementary
objectives. The high resolution component provides the capability for
detailed mapping of location of deforestation, rates of deforestation, and
an assessment of regrowth and reforestation rates. The low resolution
component provides a baseline assessment of forest/non-forest areas,
coarse mapping of forest types and capability for continuous monitoring of
forest conversion events such as fire detection. Together, these compo­
nents also provide a continuous and instantaneous"Alert System" and a
means for predictive modeling of deforestation trends.
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The result is a comprehensive system, combining the high frequency
coverage of coarse resolution satellite systems with the spatially detailed,
periodic mapping from high resolution satellite systems.

Therefore, operational and programmatic linkages between low and
high resolution remote sensing information gathering should be developed
and maintained. Since the major low (TREES) and high (Pathfinder) reso­
lution activities being implemented today are now separate programs, it
would be mutually beneficial to establish a coordinated program.

High resolution remote sensing

High resolution data from the Landsat series of earth observation
satellites can be employed to make regular measurements of deforestation.
Large amounts of these data exist in national and foreign archives, dating
back approximately 20 years. This satellite data system has been perfected
over years of development (5 satellites have been launched) and it is
expected to be an operational system into the next century (Landsat 6 is
ready for launch, 7 and 8 are being designed)!. Thus, a continuous and
consistent source of data is available upon which a high resolution, fine­
scale (1:250,000 scale mapping) information system could be developed.

The Landsat Pathfinder Project mentioned above has developed and
implemented a full scale test of the application of high resolution data to
mapping deforestation. This program is now under way, being implement­
ed to support the global change research community and NASA's EOS Data
and Information System activities. This program provides the proof-of-con­
cept that a fully operational effort could be developed quite readily.

•

•
Forest monitoring using high resolution data such as that provided

by Landsat or Spot would provide wall-to-wall mapping for the entire
tropical zone. The approach would be as follows:
• An initial mapping effort would define where and how much deforesta­

tion exists in the tropical forests (a baseline assessment). The stratifica­
tion of forest types and critical regions could be enhanced by the use of
coarse resolution information from AVHRR (see below).

• Acquisition of Landsat imagery can be coordinated regularly every 3-5
years to obtain cloud-free coverage systematically throughout the trop­
ics. The best way to achieve this is to rely heavily on the foreign ground
stations. For example, routine and complete coverage for the Amazon
Basin and Southeast Asia is possible from several foreign ground receiv­
ing stations in these regions. As a rule these stations regularly collect
data from every orbital pass within the line-of-sight radius of their
antenna. For regions, such as central Africa where no ground station
exits, programmed acquisitions from the satellite are possible.

• The imagery are analyzed for deforestation using a methodology analo­
gous to that developed by the Landsat Pathfinder project, where a sim­
ple delineation of the boundary between intact forest and cleared areas
is recorded into a geographic information system. Areas of secondary
growth would also be delineated. Subsequent years are compared to the e
baseline and the increment of new deforestation and secondary growth 1. Editor's Note: Landsat 6 failed. Landsat

is recorded. The resulting dataset provides a 1:250,000 to 1:500,000 scale 7 will be launched in 1998.
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map of deforestation at a regular repeat interval, and from this a rate of
deforestation is derived.

• These geographically-referenced measurements can directly support the
IPCC process, which is being established to make inventories at approxi­
mately 5 year intervals. An important contribution to the IPCC method­
ology concerned with biotic carbon dioxide emissions would be this
accurate and precise deforestation dataset.

• An accuracy assessment effort will need to be put into place to define
and track the measurement variance and error. This component will
need to determine accuracy with respect to: (a) variance due to position­
al accuracy, ie. the mapping precision, and (b) the variance associated
with image interpretation.

• An effort focused on establishing in-country cooperation will be neces­
sary. Such cooperation fulfills several ancillary but vital objectives: (a) it
builds a process of national acceptance of the methods and results
through active involvement, (b) it provides a mechanism for technology
transfer and training for eventual implementation of remotely sensed­
based national inventories, (c) it facilitates logistical coordination of the
field component, (d) it provides direct cooperation at various foreign
ground stations, and (e) it enables cooperation with national and region­
al experts in the interpretation of imagery.

It must finally be noted that these measurements of deforestation
from high resolution satellite remote sensing can also support the
UN/FAO Forest Assessment by providing quantitative and spatially com­
prehensive measures of changes in forest cover for the tropics.

Low resolution remote sensing

Tropical deforestation has affected areas which have heretofore been
relatively unaffected by human impact (i.e parts of the Amazon Basin,
edge of the Central Congo Basin, Borneo). Rates of deforestation in new
areas tend to be exponential and explosiv~ in nature. To bring an effective
and timely management response, an observation system must be able to
detect new fronts of deforestation early. Such an approach must leave no
area of the tropics uncovered, and must have re-visit capabilities which can
detect, signal, and otherwise measure fast changing situations.

The NOAA AVHRR instrument is a low resolution sensor. Data is
acquired at 1 km resolution on a daily basis. This 1 km data can be
received at local ground stations while the satellite is within receiving
range, or by onboard tape recorders. In addition a resampled 4 km global
data set is acquired daily. Despite its obvious limitations in terms of spa­
tial resolution the NOAA AVHRR instrument offers unique capabilities in
this respect. The system can insure global coverage at relatively frequent
intervals of time. This continuous monitoring ability of the coarse resolu­
tion instruments such as AVHRR increases the chance of obtaining cloud
free data, thereby providing truly global observations.

The AVHRR sensor is not as attractive as Landsat for precise map­
ping of areas or for estimating deforestation rates, but its continuous cover-
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age makes it extremely useful as a "constant surveillance" tool. Forest
impact activities which require constant monitoring, such as fires or
droughts, could be observed, measured, and assessed on a daily to weekly
basis. The low resolution component also provides a means to stratify for­
est cover, by delineating the extent of different forest areas through the
analysis of vegetation phenology using the existing multi-year data record.

The European TREES program, the U.S. AVHRR Pathfinder Project,
and the IGBP 1km Dataset have developed several prototypes of such an
approach. The results of these efforts have shown that a worldwide tropi­
cal forest monitoring effort structured as just described is readily feasible.
In the United States several on-going programs using AVHRR data,
including the AVHRR Pathfinder Project and the IGBP 1km Dataset Project
being coordinated at the Eros Data Center, could readily link to the TREES
Program in Europe. Most of the necessary components of this part of the
program are already in place.

The following describes the essential elements of the coarse resolu­
tion -component:
• Regular, daily acquisition schedule of 1 km AVHRR data would be pro­

vided through a coordinated network of ground stations positioned in
forested areas around the world. An effort is already under way to put
together such a coordinated network, and an initial dataset from it is
already under way in the International Geosphere-Biosphere Data and
Information System (IGBP-DIS) Global 1 km coverage project and the
European TREES Project.

• This low spatial resolution, high temporal resolution component (1 km
resolution) would allow for the early production of a truly global for­
est/non forest map. This effort could provide a baseline map as soon as
1993. The baseline mapwould be used in conjunction with the high res­
olution component to define the extent of the tropical forest zone for
which high resolution mapping would be performed.

• Validation of the low resolution forest/ non-forest delineation would link
to the high resolution satellite data in test and validation sites using
Landsat Thematic Mapper and SPOT satellite. A sample of images
across continents can be acquired to 1) confirm or inform the AVHRR
classification over the sample area and 2) to derive correction coefficients
taking into account the fragmentation of the forest cover not visible on
the low resolution data set. The sampling scheme to be established
should be coordinated with the high resolution analysis component of
the observation system (see above).

• Forest types throughout the tropics could be mapped using the multitem­
poral 4 km data product. Currently an AVHRR Pathfinder project is
under way in the U.S. to generate global datasets from the existing 10­
year archive. This data will add essential information on seasonality char­
acteristics to be used in the forest classification as well as, at some stage in
the future, in series of models dealing with biomass and productivity.

• The AVHRR-derived maps would be prepared using a set of uniform
classification criteria. This classification would rely upon a set of
methodologies adapted to the particular forest types and conditions and
would draw upon a growing body of current research material.

•

•

•
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• Once the basic data have been acquired and organized in the information
system, the analyst should be in position to point to fast changing or
anomalous situations and release a preliminary "alert notice". An effort
can then be made to focus on the identified area using higher resolution
data, possibly at higher temporal frequency than the periodic 3-year
assessment. This higher resolution data, as well as a wide range of ancil­
lary information, can be used to confirm preliminary findings and to
measure ongoing processes with more accuracy.

• Given some uncertainty in the delivery of complete high resolution cov­
erage due to persistent cloud cover, the low resolution data could also be
used to fill the gaps where data are missing.

Research and development of new technologies

New remote sensing and data management technologies and meth­
ods are continually being developed. To maintain a state-of-the-art sys­
tem, a program of research and development must be incorporated directly
with the remote sensing activities mentioned here. In particular, develop­

·ment of microwave technologies could be emphasized since it has great
potential as a data source which will eliminate the cloud cover problem.
Emphasis should be given to collect and analyze radar data for those areas
of persistent cloud cover.

Non-remote sensing information

Remotely sensed data provides information on deforestation rates.
Non-remote sensing data includes information to improve the satellite data
interpretation (eg. topography), or to enhance the information derived
from remote sensing analysis for the purpose of forest assessment (eg. soil
type, population density, land use, logging concessions, land tenure,
access). These other data sources are a fundamental component to the data
analysis. Additional information is required to estimate carbon dioxide
emissions, for example information on aboveground biomass, soil organic
matter, and how these parameters are changed after forest clearing. These
data need to be included within the Forest Information System in a spatial
format completely compatible with the forest and deforestation maps.

These ancillary data would be organized and obtained by:
• An effort to catalog existing information from national forest maps and

inventories, the FAa timber volumes, census records, scientific litera­
ture, and other existing sources,

• A program of field measurements established systematically throughout
the tropical forests, and supported by a collaboration between national
forestry agencies and FAa. Currently, field data collection during the
Landsat Pathfinder project is being aided by close involvement of the
NGO community, local organizations within regions being studied, and
national agencies.

• Indicators ofchange

Some examples of indicators of change are: the appearance of fires,
the opening of roads, gross changes in canopy cover, or the appearance of
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drought and pollution stress. The analysis consists of detecting changes in
surface conditions indicative offorest change itself. The analysis must be
performed by analysts who are familiar with forest conditions and the
mechanisms by which forests are disturbed, used, or converted. Initial
efforts can be developed in a set of predetermined "hot spots" (i.e., Borneo,
parts of the Amazon, Pacific Northwest etc.). It should also be supported
by a systematic documentation effort drawing upon reports, local news,
correspondents, etc.

Indicators of change can also be derived from non-remote sensing
information. Demographic statistics provide information on changes in
population and population pressure. Studies also show very good correla­
tion between agriculture statistics and their change over time and defor­
estation activities in tropical countries.

The remote sensing and non remote sensing derived indicators of
change include:
• the appearance and dynamics of fire;
• the appearance or extension of new roads and logging trails;
• changes in the spatial pattern of forest-non forest interface;
• changes in population pressures;
• changes in the seasonal vegetation index (NDVI) development, under

the assumption that degradation enhances the seasonal amplitude of
the signal;

• changes in economic policies and conditions, land ownership, or
land management.

Modeling

A systematic means· for synthesizing this data within the Forest
Information System is required. Methods must also be developed to pro­
vide predictive and diagnostic information. Some uses of this kind of syn­
thetic, predictive or diagnostic modeling are as follows:
• To make credible short-term predictive analyses (10 year forecasts) of the

spatial and temporal trends in deforestation. This kind of information is
valuable to both management and research communities. Mapped esti­
mates of trends could be based on the deforestation dataset itself in con­
junction with a model which utilizes information on projected popula­
tion growth, infrastructure such as roads, macro economic factors, and
other information.

• To provide a systematic way to make estimates of greenhouse gas emis­
sions, and thus create a world-wide emission inventory on a regular
basis. Such models exist and can be implemented as soon as the dataset
is made available. The IPee methodology for determination of national
greenhouse gas emissions from forest clearing is under development and
when accepted could also be utilized. The approaches are similar and
will also need deforestation assessments and the ancillary field data. In
conjunction with a short-term forecast of deforestation trends, this kind
of modeling could also provide emission forecasts. As programs of
improved forest management are implemented, projections can also be
compared to actual trends to measure policy effectiveness.

•

•

•
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Relationship of the Proposed System to Existing Activities

The program outlined here builds on a "proof of concept" for the
high resolution satellite forest monitoring methodology which was demon­
strated by the Brazilian space agency (INPE), the U.S. National
Aeronautics and Space Administration (NASA), the University of New
Hampshire, and the University of Maryland. The proof of concept for the
coarse resolution assessment and alarm system has been demonstrated by
the CEC TREES project, NASA/GSFC, and the United Nations
Environment Programme Global Resource Information Database
(UNEP/ GRID).

•

•

The International Space Year ended in December 1992, however
there was a strong recommendation from the WFW Meeting that its pro­
gram of activities continue under a new organizational structure. The
remote sensing methods have been developed and it was recommended
that the program focus now on serving the needs of the international sci­
ence community and the objectives of national forest management. Two
organizations have been proposed to continue selected International Space
Year activities (including the World Forest Watch project): the International
Geosphere-Biosphere Program Data and Information System (IGBP-DIS),
and the Committee on Earth Observing Satellites (CEOS).

The International Geosphere Biosphere Program Data and
Information System (IGBP-DIS) is the natural conduit of data and informa­
tion to the international science community. One of roles is to stimulate
and coordinate the generation of global data bases critical for the science of
global change. The transition of the World Forest Watch effort to IGBP­
DIS is currently being evaluated by IGBP-DIS.

The Committee on Earth Observing Satellites (CEOS) could provide
the framework for the international coordination of satellite data acquisition
and data formats. For instance the satellite-based monitoring program
described above relies heavily on the use of foreign ground stations as the
major point of data acquisition. Yet the formats and processing standards are
not uniform throughout the world. CEOS can provide the mechanism by
which an agreement on a common data format can be developed. Similarly,
CEOS could also provide the forum for making known to the operators of
current satellite systems and the designers of future systems the data needs
and requirements of the science and forest management communities.

Traditionally the Food and Agriculture Organization of the United
Nations (FAO) has taken the lead in assessing the state of the tropical
forests on a decadal basis. The methodology designed for the 1990
Tropical Forest Assessment (TFA) integrates the use of remotely sensed
data on a sample basis to generate global statistics of rates of deforestation.
The output product does not provide the wall-to-wall high resolution
assessment needed to fulfill the scientific and national management
requirements. The FAO Tropical Forest Assessment project places a high
priority on building national capability in tropical forest monitoring as part
of their monitoring program and relies on a distributed network of nation-

The Committee on Earth
Observing Satellites

(CEOS) could provide the
framework for the inter­
national coordination of
satellite data acquisition

and data formats.
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al forest agencies to generate the data which is currently synthesized at
FAO Headquarters. A proposal by the TFA project to transform their ten
year assessment into a continuous assessment is currently being submitted
to potential donor agencies for support. The proposed approach will rely
on a centralized compilation of the results of national scale forest monitor­
ing by the forest agencies supported by three new regional centers.

•
The United Nations Environment Programme (UNEP), through a

series of Memoranda of Understanding, has played a supporting role in
the FAO Tropical Forest Assessment Program and through its
UNEP/ GRID program offers the opportunity for access to and dissemina­
tion of the output products of the FAO Assessment.

The national forest agencies of the tropical countries are at various
stages of development in providing up-to-date inventories of their national
forest resources. Remote sensing which has been developed primarily in
the developing world is in various stages of technology transfer to these
agencies. There is a wealth of knowledge at the national forest agencies
.concerning the state of forest resources and clearly there is a priority to
develop national capabilities to apply the most appropriate tools for
national forest monitoring. At some point in the future it will be possible
to obtain accurate and up-to-date inventories of national forest resources
for the entire tropical region from the component national forest agencies.
However this will necessitate considerable institutional underpinning and
coordinated capacity building by the development community. Clearly
FAO has a central role to play in this long term development activity.

A U.S. Role and European Role

It would be feasible to begin a global monitoring program now by
tapping the existing tropical forest monitoring activities and programs
developed in the United States and Europe. In particular it would be quite
feasible to build upon these existing satellite monitoring activities through
a U.S. initiative with possible European collaboration.

Although an initiative could be developed solely in the U.S., and
while this might be the best way to proceed at first, a program developed in
cooperation with the CEC would provide strong expertise and technical
infrastructure by combining the low resolution activities of the CEC TREES
project with on-going high resolution activity under the NASA Landsat
Pathfinder Project. It would also benefit from the different regional exper­
tise which such a cooperation would bring to the program. Additional U.S.
contributions from NOAA, USGS/Eros Data Center, EPA, and the Forest
Service would provide important technical and resource backstopping.

This coordinated bilateral initiative could be readily developed, and
could provide an optimal mix of expertise in Europe and the United States
with minimal duplication of effort.

Additional participation and contribution to the program by addi­
tional partners with existing expertise could be accommodated.

There is a wealth of knowl­
edge at the national forest

agencies concerning the state
offorest resources and clearly

there is a priority to develop
national capabilities to apply
the most appropriate tools for

national forest monitoring.

•

•
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Guidelines for Implementation

General Principles

The most important principle is that of timeliness. The present
uncertainty concerning the implications of tropical land transformation to
biogeochemical cycling, climate change and biodiversity necessitate urgent
action. A geographically comprehensive assessment of the past and cur­
rent rates of deforestation and modeled predictions could be produced
and evaluated in the next three to five years and would be made available
to the widest possible community.

This urgency would indicate that in the near-term, and based on
previous experience, the implementation cannot rely solely on the national
forest agencies to provide the necessary satellite derived information or for
new regional centers to be established and become fully functional. A cen­
tralized or semi-centralized approach to implementation of the monitoring
is recommended in the short-term (3-5 years). This should be matched by
an unprecedented effort by the international development community to
establish operational satellite based forest monitoring capability within the
national forest agencies.

It is recognized that where possible the national forest agencies should
be involved in the proposed monitoring program. In particular their field
knowledge and expertise should be integrated in the data interpretation
process and in the evaluation and validation of the resulting assessment.

As a general principle it is important to establish an independent
assessment of the results. It might be that the national forest agencies
could provide such an assessment on a sample basis through close support
from the centralized facility.

Access to the results of the assessment should be unlimited. The
output should be in a variety of media suited to the needs of the science
and national monitoring communities. It is envisioned that statistical, map
data and model outputs would be delivered by the system. Access to the
original data and the interpretations are both necessary. The results
should be delivered in a timely fashion.

The implementation of the program should be overseen by a steer­
ing/advisory committee consisting of representatives of both the science
and management communities. It is important that these individuals truly
represent the interests of their respective communities and may be best
selected from representative international bodies.

The Necessary Partners

Effective implementation of the program in the short-term will
involve coordination of several communities:
• The international science community will need to be involved in an eval­

uation of the proposed system design ensuring that the output products
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of the system will serve their data needs. This may be best coordinate
through the International Geosphere Biosphere Program (IGBP).

• The forest management community will need to be involved in an evalu­
ation of the proposed system design ensuring that the output products
of the system will serve their national scale data needs. At a minimum,
key national forest agencies from the tropics will need to be involved
and supported to advise on the data interpretation and participate in the
validation of the results. This could be coordinated through the FAa,
which has established a network of active forest agencies.

• The environmental research community will need to be involved in an
evaluation of the proposed system design ensuring that the output prod­
ucts of the system will serve their data needs. Representation of this
community could be coordinated by the United Nations Environment
Program (UNEP).

• The international forest research community should be involved in
assisting with the evaluation of the proposed methodologies in particu­
lar to assist in the design of methods for the collection of the necessary
ground based data for biomass estimation. The International Union of
Forest Research Organizations (IUFRO) could represent this community.

• The satellite data providers will need to be involved in the development of
a coordinated data acquisition policy. Similarly they will need to be
involved in establishing the protocol for satellite data dissemination, and
standardization of data formats and data products. This may be best coor­
dinated through the Committee for Earth Observation Systems (CEOS).

• The remote sensing and GIS research communities need to be involved
and supported to assist in the evolution of the monitoring system to take
advantage of new developments in the relevant technologies and
research disciplines. The professional societies of these organizations
may provide the best representation of these communities.

Concluding Remarks

The program outlined above has as its objective the provision within
3-5 years of an accurate global assessment of tropical deforestation. This
timely delivery of critical environmental information is possible by build­
ing onto existing operational monitoring programs.

While we recognize the sensitive nature of forest surveillance,
national sovereignty, and the need to develop national forest resource
monitoring capabilities, the urgency to provide accurate information both
for improved resource management and global change studies necessitates
a centralized approach to this analysis.

To receive the maximum benefit from this plan of action, it is our
intention to assure the widest possible access to the information in a variety
of formats suited to the diverse international community of potential users.
For example data could be made available in computer compatible tapes,
personal commuter diskettes, photographic products, or paper maps.

A partnership between existing tropical forest monitoring projects in
the U.S. and Europe would give an international solution to meeting these

•

•

•
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current data needs and would lead to a pooling of international expertise
and a sharing of the financial resources needed to implement an effective
monitoring program to the benefit of the global environmental community.

The Next Step

To move this activity forward, an implementation plan will be
required. To get such a plan off the ground we suggest the following
next steps:
o Convene a meeting of U.S. agencies and individuals who would poten­

tially be involved in such a program to examine their interest in partici­
pation, identify common interests, and hear other ideas concerning the
structure of such a program.

• If the proposal is accepted, then convene a meeting with potential
European counterparts to identify areas of mutual interest and financing.
This meeting could also be used to establish an initial Program Steering
Committee, which would be charged with overseeing the development
of a Program Action Plan.

o Have a core group comprised of individuals with the needed technical
expertise, devise a Technical Implementation Plan.

o The Technical Implementation Plan would then be reviewed by the
Program Steering Committee. The Plan would be augmented as neces­
sary and then implemented.



•The component parts of the proposed Tropical Forest
Information System (TFIS)

Figure 1:
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DATA GATHERING ON THE BELIZE FRONTIER .
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MIGUEL FAIRBANKS (ABOVE)

By THOMAS O'NEILL SENIOR EDITORIAL STAFF

Images by NASA/Jet Propulsion Laboratory

Another stand of tropi­
cal rain forest turns

to fiery embers (above)
to make way for a corn­
field. Just how much
damage can this eco­
system sustain and still
recover, as it did after
the Maya farmed here
centuries ago?

Questions like this
are being raised all over
the earth. To help

answer them, an ambi­
tious experiment was
recently undertaken in
Belize. Three advanced
remote-sensing devices
were flown over the for­
est on NASA research
aircraft to develop
new ways of examining
landscapes.

The devices, de­
signed by Caltech's Jet
Propulsion Laboratory

(JPL), were used in the
Tropical Rain Forest
Ecology Experiment
(TREE), a project sup­
ported by NASA, the
Seaver Institute-a
frequent contributor to
National Geographic
projects-and the Soci­
ety. Similar sensors are
candidates to go into
space after 1998, when
NASA plans to launch a

new series of earth­
monitoring satellites.

Covering an area 40
miles long by 30 miles
wide, a false-color
radar mosaic (right)
depicts a variety of veg­
etation, from savanna
and cleared land (deep
blue) to upland broad­
leaved forest (bluish
hues) and lowland
swamp (yellow).
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Testing airborne sensors
against rain forest reality

While airborne sensors
registered data

remotely, down on the
hot forest floor two
dozen researchers
gathered ground data.
Measuring and monitor­
ing plant specimens and
locations, they supplied
facts against which the
instruments were cali­
brated and the images
interpreted.

JPL ecologist Reiner
Zimmermann (upper
right) stands at the head
of the "octopus"-his
name for a data record­
er wired to an array of
solar-charged devices
scattered about a plot.
The team took readings
of temperature, precipi­
tation, and water use by

trees, and collected leaf
and soil samples.

Weather gauges
were placed a hundred
feet high in the canopy
by local residents skilled
in scaling the tall trees
to harvest chicle, an
ingredient of chewing
gum. "Other than ants
crawling into the com­
puter and termites eat­
ing the table legs,
everything worked,"
said Zimmermann.

Matching ground fea­
tures with radar image,
Wendy Weiher, a grad­
uate student at Duke
University, notes a
mound that hides a
Maya structure, possi­
bly a burial site (above).
Normally, encountering

unexcavated ruins
would have thrilled field
researchers. These
were simply in the way.

"We needed plots of
pure vegetation, but
everywhere we looked,
we found something
Maya," said Duke ecol­
ogist Ram Oren, chief
scientist for TREE and
designer of the ecology
experiments. "Finally
we had a plot that
seemed right, and we
began to dig for soil
samples. Then we
heard clank clank. Can
you believe it? We

apparently hit stones of
a Maya courtyard."

Some 30,000 feet
overhead flew a DC-8
research aircraft, its
cabin stocked with gear
(right) to operate the
synthetic-aperture
radar, a system power­
ful enough to detect
standing water under
the forest canopy. By
correlating ground data
with digital data from
such sensors, scientists
work toward the cre­
ation of computer pro­
grams to interpret
future images.
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Scientists harvest data
from a cleared piece of land

123

doing so he bared large
patches of infertile lime­
stone. Ideally, farmers
could take advantage of
remote-sensing images
to identify areas for
farming that would be
more easily worked and
have less impact on the
environment.

The TREE study
area-a region of forest,
swamp, and savanna in
northwestern Belize-is
part of the most exten­
sive rain forest left in
Central America. It is
not virgin forest. To feed
a large popUlation, the
Maya cleared most of
this area, which is filled
with signs of their pres­
ence. Sponsors of the
TREE project were curi­
ous as to whether the
airborne sensing
devices could detect
undiscovered ruins
beneath the canopy.
So far, any ruins have
stayed hidden.
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the natural landscape
with those of altered
areas such as cattle
pasture. They soon con­
cluded that no sensor
by itself provides a com­
plete picture. The radar,
for instance, could not
distinguish between a
freshly plowed field and
a field with sprouting
corn; scientists required
the spectral data from
AVIRIS to spot the
vegetation.

To the naked eye the
fields reveal a troubled
history. The owner,
fearing a repeat of his
first year's experience
when soggy fields
reduced the corn crop,
scraped high spots
to fill in low ones. In

HONDURAS
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in the midst of thick
forest. The scientists
chose Gallon Jug-here
seen looking south-so
they could compare
instrument readings of

Yucatan
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Seen in its true colors,
the farmland of Gal­

Ion Jug, an unmistak­
able shape on the
remote-sensing images,
appears raw and naked
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lultilayered, multicolored
tack of spectral data
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treasure chest of
information awaits

ientists analyzing
ages produced by
flRIS, the new multi­
ectral sensor. The
3trument scanned a
e-by-ten-mile swatch
land across Gallon
g farm. AVIRIS sepa­
:es sunlight reflected
,m the surface into
4 wavelengths across

4

the electromagnetic
spectrum. Processing
the data, TREE project
head Gregg Vane and
his team at JPL pro­
duced a stack of 224
images, rather like a
deck of cards where
each card represents a
single spectral band.

Since materials have
spectral signatures,
based on their chemical

composition, scientists
can match the signa­
tures to specific plant
properties, such as the
chlorophyll, lignin, and
water content of leaves,
and infer how the vege­
tation will respond to
changes in its environ­
ment. Thus data about
plant chemistry can be
gathered from regions
too large or remote to
allow ground surveys.

The JPL team and
cooperating universities

are working to devise
computer programs that
will rapidly access the
information embedded
in the AVIRIS data.
While some programs
are already available,
others will take months
or years to complete.

"Yes, it is a treasure
box," says Ram Oren
about the unabridged
data, "and it has been
unlocked. but we have
more to do before we get
the lid all the way open."
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CONCLUSION

The documents and images in this source book capture a brief period in

which unprecedented efforts have been undertaken to measure and monitor

tropical forests, propelled by an historic conjunction of events. The threat of

global wanning spawned the u.s. Global Change Research Program which

funds the NASA Landsat Pathfinder efforts described in this source book. Fast

paced advances in PC-based remote sensing image analysis and GIS software

have made image analysis technology widely accessible. Costs of the necessary

equipment have dropped from $200,000 in the 1970's to between $8,000 and

$13,000 for a PC-based system in the 1990's. Recent methodological advances
involving high and low resolution imagery and the use of GIS layers are enhanc­

ing image interpretation, vegetation classification, and statistical analysis of for­

est cover and change. Twenty years after the launch of the first Landsat satellite,

the promise of global land cover mapping is now being fulfilled.

The technology-driven information revolution coupled with the broader

values now ascribed to tropical forests is generating major changes in the way

forest management and monitoring is carried out. Advances in monitoring and

information management will challenge forest management institutions operat­
ing with much slower, less frequently updated and more closely held informa­

tion systems. At the same time it is clear that to exploit the full potential of satel­

lite based forest monitoring an extensive ground truthing effort will required

involving field plots as well as low level aerial observations. This will entail the

active participation of diverse national and local partners, some of whom are

being challenged by the new concerns embodied in global forest monitoring.

The implications for USAID are several. First, USAID can use the results

of global forest monitoring for its own program planning and impact monitor­
ing. Second, and more importantly, USAID can provide strategically important

technical and financial assistance to a range of partners, especially local resource
managers. Neither global tropical forest monitoring nor forest ecosystem man­
agement can be done"without the participation of scientists, managers, and

technicians who live in the tropical countries. Field partners in the research,

mapping and monitoring of biological diversity as well as forestry must be

engaged. Both groups will need more assistance than has been forthcoming to

date to be able to both assist in collection of data and apply monitoring results.

The building of in-country capacity to participate in tropical forest and

related biodiversity monitoring can constitute an important new program focus
in USAID. No other'D.S. Government agency has the demonstrated track record

or mandate to initiate training and technology transfer programs or to fund and

to channel efforts from the U.S. Government, NGO, and private sector partners

- all of whom must be enlisted in such a program. For USAID the challenge will

be to orchestrate the necessary assistance and work effectively with the multiple

actors engaged in the myriad tasks that must be accomplished.



GLOSSARY

AVHRR Advanced Very High Resolution Radiometery. Imagery of 1 km resolution obtained every day for the entire globe.

CEC Commission of European Communities.

CEOS Committee on Earth Observing Satellites.

EDC Eros Data Center. USGS's facility in Sioux Falls, South Dakota for archiving and distributing satellite imagery and
other datasets.

EOS The Earth Observing System. One component{)f NASA's contribution to the U.S. Global Change Research
Program. It is comprised of a number of satellites, an information system, and a research program.

EOSAT Earth Observation Satellite Company. Commercial outlet for Landsat imagery, based in Lanham, MD.

EPA U.S. Environmental Protection Agency.

ERS-l European Resource Satellite. It will have on board a microwave (radar) sensor.

DEM Digital Elevation Model.

•

FORIS FAa's Forest Information System, a database containing the results of FAa's Forest Resources Assessment, 199fl.

FRA1990 FAa's Forest Resources Assessment 1990. A statistical compilation of the forests of the world, started in 1989 and
published for the tropical countries in August, 1993.

GAC

GUS

GPS

ICSU

IGBP

IUFRO

NALe

NASA

MSS

Pixel

SPOT

TM

TREES

Global Area Coverage. 4 km resolution AVHRR imagery resampled from 1 km imagery.

Global Land Information System. A USGS Eros Data Center program for on-screen searching and viewing of avail­
able satellite imagery and other global databases.

Global Positioning System. Mobile ground-to-satellite communication systems used to establish location on the
ground with accuracy of up to 10 meters.

International Council of Scientific Unions.

International Geosphere Biosphere Program. Established by the International Council of Scientific Unions in 1986,
IGBP is a series of linked projects to investigate interactions within and between the land, atmosphere and ocean
components of the Earth system.

International Union of Forestry Research Organizations.

North American Land Cover survey. Undertaken by US EPA, the survey presently extends south to Panama and
forms part of the Landsat Pathfinder effort.

National Aeronautics and Space Administration.

Multi-Spectral Scanner. Landsat remote sensor of 80 m resolution.

Smallest picture element in a satellite image.

System Pour l'Observation de la Terre. French satellite with sensor of 10-meter resolution.

Thematic Mapper. Landsat satellite sensor of 3()..meter resolution.

Tropical Ecosystem Environment Observations by Satellite. ACEC-financed forest monitoring project using
AVHRR iinagery.
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