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1.Introduction

The widespread transformation of natural forests
into agricultural landscapes may induce regional or
global changes in the biosphere–atmosphere interac-
tions. There is increasing concern about the extent to
which the current man-made change of the regional
or global climate can be realistically evaluated. In
recent years, several field campaigns have been car-
ried out to obtain measurements of the energy and
water budgets of both tropical rainforest and defor-
ested areas in the Amazon basin. For example, the
ABRACOS (Anglo–Brazilian Amazonian Climate
Observation Study) (Gash et al. 1996) project set up
a series of micrometeorological stations in various
places of the Amazon basin from 1990 to 1993. These
data can be used in meteorological models to help
understand how Amazonian deforestation might
change the climate.

In meteorological models, the simulation of the
surface soil–vegetation–atmosphere exchanges is
made by simple schemes (Sellers et al. 1986;
Dickinson et al. 1986; Wetzel and Chang 1987;
Noilhan and Planton 1989). Such models of surface
processes can be used to predict the effects of large-
scale forest clearing on climate (e.g., Dickinson and
Henderson-Sellers 1988; Nobre et al. 1991; Lean and
Rowntree 1993; Polcher and Laval 1994; Manzi and
Planton 1994; Rocha et al. 1996). They can also be
employed at smaller scales for short-term weather
predictions or for understanding the main processes
controlling the mesoscale meteorology. Adequate
treatment of surface properties such as soil moisture
and vegetation characteristics is essential for accurate
simulation of planetary boundary layer development
and mesoscale circulations generated by land surface
inhomogeneities, for example, forested and deforested
areas (Mahfouf et al. 1987; Noilhan et al. 1991). In
general, the surface schemes used for meteorological
modeling require structure parameters of the surface:
soil depth and soil texture, vegetation height (associ-
ated with the aerodynamic roughness of the surface),
albedo, leaf area index, coverage, and the rainfall in-
terception reservoir. The vegetation stomatal resis-
tance properties are usually simulated by simple
submodels. Some parameters of the canopy resistance
models can be calibrated by inverting the surface
scheme and comparing the resistances with those de-
rived from in situ micrometeorological measurements
of transpiration. At the mesoscale, an accurate esti-
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mation of the relief must be available. Its accuracy and
spatial resolution must be compatible with the pre-
scribed resolution of the model mesoscale grid.

In this work, several research teams have combined
their efforts in order to create a suitable set of surface
parameter maps for mesoscale modeling (relief–soil–
vegetation) over Rondônia, in a 5° × 5° region (8°–
13°S, 65°–60°W) presented in Fig. 1. These maps will
be used to perform meteorological mesoscale simu-
lations within the framework of RBLE-3 (Rondônia
Boundary Layer Experiment; Fisch 1995), which con-
sisted of surface and radiosounding measurements in
a forest (the Jaru Reserve Forest) and a pasture area
(61°509W, 10°019S and 62°229W, 10°459S, respec-
tively) near Ji-Paraná (61°509W, 10°509S) during
August 1994. Rondônia is one of the Brazilian regions
of the Amazon basin where forest clearing has been
most extensive. The deforestation has been organized
along parallel strips, and in general, the deforested
areas consist of grasslands used for cattle grazing. The
series of radiosoundings recorded simultaneously over
forest and grassland during RBLE-3 present very dis-
tinct features. They indicate that the observed struc-
ture of the atmospheric boundary layer over the two
surfaces is significantly different (Fisch 1995).
Furthermore, Cutrim et al. (1995) have shown that de-
forestation in Rondônia may increase the frequency
of shallow cumulus clouds during the dry season,
based on satellite data of August 1988.

Whether these differences are due to the differences
in the surface vegetation cover or to other effects (soil,
relief, higher regional roughness length caused by the
particular deforestation strip-patterns of this region)
can only be investigated by performing 3D simula-
tions with a mesoscale meteorological model, based

on accurate maps of the surface parameters, defores-
tation, and relief.

2.Data

The employed geographical information consisted
of both existing paper maps (for the natural landscape
structures) and satellite data (for current alterations).

a. Printed maps and documentation
Natural vegetation and soil maps over Rondônia at

the 1:1 000 000 scale have been obtained from the
RADAMBRASIL project (1978, 1979). Together with
the printed color maps, very detailed notes are also
available (RADAMBRASIL 1978, 1979). The corre-
sponding topography maps, at the same scale, are from
the Instituto Brasileiro de Geographica e Estatistica
(IBGE 1979). These maps consist of the Porto Velho
and Guaporé sheets, (60°–66°W; 8°–12°S; and 12°–
16°S, respectively). The southern natural limit of this
area is formed by the Guaporé River, which separates
Brazil (Rondônia state) from the Bolivian Republic.

The soil and vegetation maps of RADAMBRASIL
(1978, 1979) combine information from radar images,
airborne photographs, and many field studies as ba-
sic mapping tools. In particular, measurements of soil
properties, such as texture (clay, sand, silt proportions)
are given in the technical notes for various profiles
over all the area. For vegetation, quantitative obser-
vations of the canopy height can be found in the
Guaporé map note. Information about the vegetation
species making up the vegetation classes are also
given.

b. Satellite data
In this study, both low-resolution (Meteosat) and

high-resolution (Landsat) satellite data are employed
for spatial classification. The numerical counts are
employed directly without atmospheric corrections.

1) METEOSAT

Meteosat–75°W data in full spatial (~5 km) and
temporal (309) resolution during RBLE-3 (11–
25 August 1994) were provided by A. O. Manzi
(1994, personal communication). They include both
visible and infrared channels.

2) LANDSAT–TM
High-resolution satellite data are needed to obtain

accurate deforestation maps. Seventeen Landsat–TM
FIG. 1. The studied 5° × 5° region (8°–13°S, 65°–60°W) in

Brazil.
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full-resolution (30 m) images (chan-
nels 1, 2, 3, 4, 5, and 7) from 1993 and
1994 were provided by INPE (Insti-
tuto Nacional de Pesquisas Espaciais,
Brazil). They cover the entire 5° × 5°
studied area. The scenes have been
geometrically corrected and put into a
latitude–longitude coordinate system.

3.Mapping process

The 1:1 000 000 maps of natural
vegetation, soil, and surface relief
were digitized over the 5° × 5° region
(65°–60°W, 8°–13°S). A digital el-
evation model and a surface-type
classification have been achieved by
digitizing the contour lines of alti-
tude above sea level and of the
RADAMBRASIL surface classifica-
tion, respectively. The rasterizing process was per-
formed by using the GRASS software (1995).

a. Natural vegetation
For natural vegetation mapping, airborne radar

images and in situ field observations were gathered
by the RADAMBRASIL project. Many landscape
units are described in both the Porto Velho and
Guaporé maps. Because of north–
south ecological gradients, the vegeta-
tion classes vary from one map to
another. The Porto Velho area is sepa-
rated into four different ecological
regions, 1) savannah, 2) pioneer for-
mations, 3) closed, and 4) open
rainforest, along with the areas of eco-
logical tension and anthropic action.
The Guaporé map includes another
main ecological class, 5) tropical
semidecidual seasonal forest. These
main vegetation units are further divided
and described as ecological sub-
regions. For example, Fig. 2 shows
section diagrams of the main classes
of savannah and open rainforest. The
subregions separate different canopy
organizations (e.g., the proportion of
grass, bushes, and trees in the savan-
nah main class), often associated with
the relief structure. Also, in the

Guaporé map, the ecological subclasses of a given
ecological region often differ from the subclasses of
the Porto Velho map.

The natural vegetation rasterized image is shown
in Fig. 3. Over the area covered by the two maps, a
total of 91 subclasses are described. However, for clar-
ity, Fig. 3 presents only the 13 most representative
vegetation main classes in the studied 5° × 5° region.

FIG. 2. Section diagrams of two natural vegetation main types: savannah and open
rainforest [reproduced from RADAMBRASIL (1979)].

FIG. 3. Natural vegetation main classes for the 5° × 5° region covering Rondônia
(8°–13°S, 65°–60°W). This 600 × 600 digital map is derived from the 1:1 000 000
RADAMBRASIL maps of Porto Velho and Guaporé (RADAMBRASIL 1978, 1979).
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Although the dominant vegetation unit in the region
is open rainforest with palms, there are many other
different vegetation types and significant areas of the
more complex transition or contact vegetation. For
example, the ecological tension class savannah–
forest contact constitutes a major natural landscape in
a east–west strip to the south of Ji-Paraná (61°509W,
10°509S).

b. Soil
In the RADAMBRASIL maps, the soil classifica-

tion is derived from the U.S. Department of Agricul-
ture (USDA) taxonomy (USDA 1970). The following
main categories of soil types have been identified.
Lithosols (or lithic oxic troporthent in the USDA tax-
onomy), alluvial allic soils, (allic tropofluvent), quartz
sands (allic quartzipsamment and spodic psam-
maquent), latosols (allic haplorthox and allic
acrorthox), podzols [oxic (ultric) tropudalf, (allic)
orthoxic (distropeptic) tropudult, allic plinthic
paleudult], laterites (allic superic plinthaquox, allic
oxic plinthaquult), cambisols (aquic eutropept and
udoxic dystropept), gleyzed soils (allic tropaquept),
“terras roxas” [oxic (ultric) tropudalf, rhodic
paleudult], and rocky outcrops. The soil classes are
defined according to physical criteria such as the
soil-forming processes (geology, topography, vegeta-
tion, and climate), texture, color, and chemical prop-
erties. The spatial distribution of the classes in the
RADAMBRASIL maps has been derived from the

natural vegetation location and from the topography,
geology, and geomorphology maps. The allic red–
yellow podzols and latosols are dominant. Figure 4
presents the soil rasterized image, and again, a re-
duced number of classes are presented (11 classes).
In reality, the map includes 132 subclasses of soil,
of which 78 have been fully characterized in the
RADAMBRASIL notes using 248 in situ texture
profiles.

c. Relief
A digital elevation model obtained from the source

1:1 000 000 maps of IBGE (1979) is presented in
Fig. 5 as a rasterized image. As for vegetation and soil
class contours, the altitude contour lines have been
digitized as vectors and converted into a raster grid.
The interpolation process was done both manually by
adding points (especially in thalwegs and flat areas)
and automatically through an Akima surface-fitting
method (PV-WAVE Advantage 1993).

There are marked differences in the relief structure
within the studied area. The altitude varies from about
50 to 1100 m. The highest residual plateaus are part
of the Pacaás Novos highlands (10°209–11°109S,
65°159–63°309W). The lowest valley of the area is of
the Madeira River in Calama (8°059S, 62°509W).

d. Deforestation assessment
The forest/nonforest patterns are expected to be

responsible for mesoscale circulations and changes in
the atmospheric boundary layer struc-
ture. The main physical factor for
such differences would be the pres-
ence of thermal contrasts. Therefore
the mapping of these patterns can be
obtained from satellite data: either
from the viewpoint of the deforesta-
tion or thermal properties of the sur-
face. Analysis of high-resolution
satellite vegetation indices enables
mapping of the deforested areas, and
low-resolution infrared data from me-
teorological geostationary satellites
can give access to the regional ther-
mal structure of the area.

1) METEOSAT-DERIVED THERMAL

MAP

An estimate of the spatial extent of
the warmest surfaces of the area was
obtained by performing an automaticFIG. 4. As in Fig. 3 except for soil.
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classification of the Meteosat infrared
channel data. Four cloudless scenes
(17, 19, 22, and 24 August 1994) at
0900 local standard time (LST) were
selected. A four-class map of the in-
frared numerical counts was made by
using a k-means method (PV-WAVE
Advantage 1993). Figure 6 presents
the four classes. Three main warmer
areas appear very clearly: 1) the Porto
Velho city (8°459S, 63°509W), 2) a
deforested area close to Ji-Paraná, and
3) a large savannah area at about
150 km at the north of Reserva Jaru (8–
9°S, 62°109–61°W). It is interesting
to note that the savannahs of the lat-
erite plateaus are similar to deforested
areas in terms of surface temperature.

2) LANDSAT–TM DEFORESTATION

MAP

The Landsat data have been pro-
cessed to obtain a high-resolution
(120 m) forest/nonforest classification. The Landsat
pixels have been classified into three categories by
using the same k-means method as employed for
Meteosat: 1) forested areas (including well-developed
regrowth), 2) nonforest areas (including pastures, ur-
ban areas, and natural savannahs), and 3) water areas
and missing data. The two variables considered in the
automatic classification algorithm are normalized
values of the greenness vegetation index (GVI) of Crist
and Cicone (1984) and the channel 7 numerical
count. The GVI is written as

GVI = −0.2848 × TM1 − 0.2435 × TM2 − 0.5436
× TM3 + 0.7243 × TM4 + 0.0840 × TM5
− 0.1800 × TM7,

where TMi (i=1,7) are the numerical counts of the
Landsat–TM channels. The six bands of interest in this
study cover 450–520 nm (TM1), 520–600 nm (TM2),
630–690 nm (TM3), 760–900 nm (TM4), 1550–1750
nm (TM5), and 2080–2350 nm (TM7).

Maps of the deforestation over the entire 5° × 5°
domain and on a zone of about 120 km × 120 km are
shown in Figs. 7 and 8, respectively. Although the
Meteosat scenes have not been geometrically cor-
rected, the patterns shown in Fig. 7 can be compared
with the thermal classification of Fig. 6. It is clear that the
warmest areas correspond to nonforest zones. On

the other hand, the nonforest areas close to the
Guaporé River (at the south of the studied domain)
consist of bogs and well-watered areas and do not
appear in the warm thermal class.

FIG. 5. Digital elevation model (600 × 600) covering the 8°–13°S, 65°–60°W
region. This map is derived from the 1:1 000 000 IBGE maps of Porto Velho and
Guaporé (IBGE 1979).

FIG. 6. Thermal classification of a region included in the 8°–
13°S, 65°–60°W domain from 100 × 100 Meteosat infrared
pixels. The four classes have been obtained from four cloudless
images acquired at 0900 LST during August 1994. The darkest
areas correspond to the lowest infrared radiances.
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The selected scene of Fig. 8 (28 July 1993) covers
the RBLE-3 pasture site and contains (along with for-
ests) pasture fields, water surfaces, and man-made
features (roads and urban areas). The two classes pre-
sented in Fig. 8 discriminate the deforestation patterns
consisting of regularly spaced lines (about one every
4 km). Such patterns may have an impact on the dy-
namics of the boundary layer at mesoscale.

4.Discussion

In this study, an attempt is made to extrapolate and
derive properties of the land surface in order to simu-
late the interaction between soil, plants, and air well
enough to predict a change in climate that might re-
sult from deforestation. The quality of the obtained
digital maps is discussed in this section. More often
than not, the variables obtained at a given point cor-
respond to unobserved characteristics and their val-
ues must be extrapolated and derived from the existing
(sometimes qualitative) information. Consequently, it
is virtually impossible to quantify the error or the con-
fidence on a given parameter. However, some aspects
of the difficulty to map parameters such as elevation,
roughness of vegetation, present forest, soil texture,
and thermal response to solar heating are considered
below.

In the relief map presented in Fig. 5, the reported
altitudes are only estimates of reality. Indeed, the
method used to obtain the digital elevation model in-
duces a terracing effect, which appears as marked
peaks in the distribution of altitudes (Fig. 9) corre-
sponding to the digitized contour lines of the IBGE
maps. The terracing effect is common to all the ter-
rain models obtained from contour line maps (U.S.
Department of Commerce–National Oceanic and At-
mospheric Administration 1995). Although an inter-
polation is performed, the prescribed values of the
digitized contour lines remain in the terrain model and
causes the altitude distribution to be discontinuous.
The peaks correspond to multiples of 100 m, which
is the interval between adjacent contour lines on the

FIG. 7. Landsat–TM-derived forest/nonforest classification of
the 8°–13°S, 65°–60°W domain. The dark areas correspond to
pasturelands, natural savannahs, bogs, rivers, and lakes. The clear
areas are forested zones.

FIG. 8. Zoom of Fig. 7 over the pasture RBLE-3 area of Ji-
Paraná (note that the scale is different from the other maps).

FIG. 9. Histogram of the altitudes reported in the digital
elevation model of Fig. 5.
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source maps. The peak at 140 m corresponds to the
prescribed value of the Bolivian portion of the
Guaporé map, for which no data were available at the
same scale. This part of Bolivia is a rather flat area
with many bogs.

While the relief shown in Fig. 5 can be directly
employed in a mesoscale model, the vegetation and
soil types (Figs. 3 and 4) constitute qualitative infor-
mation and must be transformed into physical param-
eters of the surface scheme. In particular, the
interaction of the vegetation with the atmosphere de-
pends on both structural and physiological param-
eters. The aerodynamic roughness of the canopy is
related to the canopy height and stomatal resistance
depends on the vegetation type. The hydraulic prop-
erties of the soils can be estimated from soil texture
and the soil root depth prescribed for transpiration of
the vegetation.

It is difficult to estimate the value of these param-
eters for each vegetation and soil class. However, it
may be relevant to extrapolate measured parameter
characteristics from the ABRACOS field sites to ele-
ments of the digitized maps. Table 1 presents the veg-
etation and soil structure parameters needed in surface
schemes, as measured or estimated for the Rondônia
ABRACOS sites of Nossa Senhora Pasture (NSP) and
Jaru Reserve Forest (JRF) and for the denser forest
near Manaus, the Ducke Reserve Forest (DRF). It
appears that the effective soil depth to
be used in surface models depends
more on the vegetation type (root
depth) than on the soil type. For ex-
ample, although the JRF and NSP
sites have similar soils (Eutrofic red–
yellow podzol and allic red–yellow
podzol, respectively), the fact that
forest has been replaced by pasture at
NSP has very significantly reduced
the depth of soil that contributes to
transpiration. The leaf area index of
the pasture site undergoes important
seasonal variations. The lowest value
is observed during the dry season
(July–August). For all the sites,
simple relationships between the
canopy height and the aerodynamic
parameters (zero plane displacement
and roughness length) have been estab-
lished during ABRACOS (Table 1).
These results can be used to draw
aerodynamic parameter maps from

the canopy height derived from the RADAMBRASIL
maps (for natural vegetation) and the Landsat classi-
fication (for recently deforested areas).

The RADAMBRASIL maps of natural vegetation
and soil type have to be interpreted in terms of natu-
ral vegetation height and soil texture. The informa-
tion contained in the RADAMBRASIL notes has been
analyzed in order to obtain a coherent correspondence
between the landscape unit classes and these param-
eters. Figures 10 and 11 present the derived maps of
natural vegetation height and soil texture, respectively.
In Fig. 11, the proportions of clay (particles diameter
< 2 × 10−6 m), silt (between 2 × 10−6 and 5 × 10−5 m),
and sand (between 5 × 10−5 and 2 × 10−3 m) are
mapped. A remarkable feature is the relatively low
proportion of silt in this area, and the proportion of
either clay or sand is predominant. Deriving a soil
texture map from a soil classification map is not an
easy task. Studying the 248 measured soil profiles, it
appears that the texture may vary considerably for a
given soil type. To illustrate this variability, Fig. 12
shows different profiles of the proportion of clay cor-
responding to one podzolic soil class represented in
the map. The proportion of clay varies from less than
20% to more than 60% for the same soil type.
Although some variability would be expected, espe-
cially with podzolic soil, the 1:1 000 000 scale
RADAMBRASIL map will not reproduce the actual

FIG. 10. Digital map of the natural-vegetation height obtained from the vegetation
classes (Fig. 3) and the RADAMBRASIL notes (RADAMBRASIL 1978, 1979).
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Leaf area index 1.5–3.9 4.7 5.2 Roberts et al. (1996)

Root depth (m) < 2 > 4 > 4 Wright et al. (1996)

Albedo 0.180 0.134 0.134 Culf et al. (1995)

Canopy height h (m) 0.5–0.6 30 35 Wright et al. (1996)

Zero plane displacement d (m) 0.71 × h 0.86 × h 0.86 × h Shuttleworth (1989),
Wright et al. (1992)

Momentum roughness length Z
0
 (m) 0.12 × h 0.09 × h 0.06 × h Shuttleworth (1989),

Wright et al. (1996)

Soil bulk density (kg m−3) 1300 1500 1100 Wright et al. (1996)

Thermal diffusivity (m2 s−1) 1.45 × 10−6 – – Santos-Alvalá et al. (1996)

Forest interception

Canopy capacity (mm) – 0.93 0.74 Ubarana (1996),
Lloyd et al. (1988)

Trunk storage (mm) – 0.15 0.15 Lloyd et al. (1988)

Free throughfall (%) – 3.1 8.0 Ubarana (1996),
Lloyd et al. (1988)

Proportion of rain to trunks (%) – 3.6 3.6 Lloyd et al. (1988)

TABLE 1. Structure parameters of vegetation and soil for forest and pasture sites of the Amazon basin.

NSP JRF DRF Source

NSP: Nossa Senhora Pasture.
JRF: Jaru Reserve Forest.
DRF: Ducke Reserve Forest.

variability of soils in the region. The extreme values
observed in Fig. 12 could correspond to the inclusion of
other soil types that could not been mapped accurately.
Also, texture was not the only factor accounted for in
the RADAMBRASIL classification. To tackle this prob-
lem and obtain the map presented in Fig. 8, a prag-
matic solution was to calculate the median value of
the vertically averaged texture for each soil type. This
process effectively eliminates the extreme values.

It is also important to note that the current empiri-
cal parameterizations employed to obtain the water
release characteristics from soil texture have not been
designed for the soils of the Amazon basin. Wright
et al. (1996) and Tomasella and Hodnett (1996) sug-
gest that errors in the description of the surface hy-
drology may occur due to bias in existing water release

functions. The measurements performed during
ABRACOS may help to correct such bias. Details
about the soil characteristics of the ABRACOS sites
can be found in Wright et al. (1996).

In Fig. 11, discontinuities affect the transition be-
tween the RADAMBRASIL maps of Porto Velho and
Guaporé (at 12°S). This is due to a different classifi-
cation of the soil types from one map to another. In
the case of the vegetation height (Fig. 10), quantita-
tive information is only available in the Guaporé
RADAMBRASIL notes, and the vegetation classes
differ somewhat from the Porto Velho ones. The ex-
trapolation to the map of Porto Velho could be per-
formed by prescribing a correspondence between the
vegetation classes of the two maps, based on a thor-
ough analysis of the RADAMBRASIL notes. It was
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possible to smooth out the differences at the
boundary of the two maps.

Another difficulty in describing the
present vegetation is the characterization
of the secondary vegetation (i.e., the forest
regrowths). In the Landsat-derived land
cover classification obtained in this study,
it was not possible to discriminate distinct
classes representing initial, intermediate,
and advanced secondary forests. Instead,
a simple forest/nonforest classification
has been performed. Presumably, the for-
est and the pasture classes include well-
developed and young regrowths, respec-
tively. Therefore, the vegetation character-
istics that one may prescribe for such and
such class may sometimes be improper
since regrowth height, albedo, etc., differ
from those of both primary forest and pas-
ture (Giambelluca 1996).

Finally, the thermal classification ob-
tained from the Meteosat data (Fig. 6) can
be used to verify the ability of a mesoscale
model to simulate the surface temperature
field. The Meteosat images were taken
during RBLE-3. Given the influence of
ephemeral patterns of soil moisture (due to
recent rainfall for example) on the surface
temperature, the thermal classification ob-
tained from these data is a priori representa-
tive of this particular period only. However,
RBLE-3 occured at the end of the dry sea-
son: since the dry season (June–July–
August) is characterized by a very low
amount of rainfall water in this part of the
Amazon basin [less than 60 mm for the 3-
month period, on average; Fisch (1995)],
it is reasonable to think that Fig. 6 gives a
rather general look of what happens at the
end of the dry season. The obvious corre-
spondence between the warm areas and the
deforested zones confirms this hypothesis.

The set of digital maps resulting from this
work represents the currently available
information about the surface structure of

FIG. 11. Soil texture maps (percentage of clay, silt,
and sand) obtained from the soil map presented in
Fig. 4. The values employed for each soil classes are
medians of the vertically averaged in situ profiles of
RADAMBRASIL (1978, 1979).



422 Vol. 78, No. 3, March 1997

Rondônia, either natural or recently modified by hu-
man activities. This database can serve as a basis for
mesoscale meteorological modeling and is available
(by request from the corresponding author) for use by
the community.
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