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Multi-angle Imaging Spectroradiometer (MISR) data, collected in four bands
and at nine view angles in the Brazilian Amazon region, were used to describe
view-angle effects on the spectral response and discrimination of three forest
types; close and open lowland forests, open submontane forest and green/
emerging pastures. A principal-component analysis (PCA) was applied over 450
bidirectional reflectance factor (BRF) MISR spectra (10 pixels, five land covers
and nine view angles) to characterize the spectral-angular variability in the
dataset and to identify the best view direction to enhance land cover
discrimination. The analysis was extended into the images of the different
cameras, which were classified for the presence of the forest covers using the
minimum distance of the pixels to the average PC1 and PC2 scores of each forest
class calculated from spectra analysis. Results showed an increase in the mean
reflectance over the spectral bands (brightness) of the land covers from nadir to
extreme viewing, as indicated by the first principal component, especially in the
backward direction due to the predominance of sunlit view vegetation
components. The transition from the backward (sunlit view surface components)
to the forward (shaded view surface components) scattering directions was also
characterized by changes in the shape of the BRF spectra, as indicated by
decreasing PC2 score or near-infrared/blue ratio values. The variations in the
MISR BRF followed the regularities expected from theory. PCA results also
indicated that the best viewing to discriminate the forest types was the backward
scattering direction (—26.1° view angle), whereas the less favourable viewing was
the forward scattering direction under the view shading condition (e.g. +45.6°
view angle). The overall classification accuracy for the three forest types
increased from 52.4% at +45.6° view angle to 78.7% at nadir, and to 95.0% at a
—26.1° view angle. From nadir to extreme view angles, directional effects
produced a NDVI decrease for the forest types and an NDVI increase for the
green and especially emerging pastures. Results demonstrated that data
acquisition in off-nadir viewing may improve the discrimination and mapping
of the Amazonian land cover types.

1. Introduction

To increase the spatial and temporal coverage of the remotely sensed areas and to
improve the chance of selecting cloud-free data, large field-of-view (FOV)
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instruments are usually used in remote sensing applications (e.g. the Moderate
Resolution Imaging Spectroradiometer (MODIS)). On the other hand, the off-nadir
viewing introduces changes in sensor signal in response to variations in the geometry
of data acquisition due to the non-Lambertian condition of the land cover types
(Kimes et al. 1994, Leroy and Roujean 1994, Verbrugghe and Cierniewski 1995, Hu
et al. 2000). The resulting directional effects are target- and wavelength-dependent
and have been considered in the literature both as a source of noise and as a
potential source of information for remote sensing applications (Kimes et al. 1984a,
Roujean et al 1992, Johnson 1994, Walthall 1997, Asner et al. 1998). Although
empirical and physical approaches have been proposed to model such effects, a
better knowledge of how sunlight is scattered in different directions by the land
covers of the different environments is still necessary.

The Multi-angle Imaging Spectroradiometer (MISR) sensor on-board the Terra
platform, launched in December 1999, acquires data in three visible and one near-
infrared bands from nine view directions at a 1.1-km spatial resolution (Diner et al.
1998). Owing to recent advances in multi-angular imaging technology, MISR provides
unique data to assess the anisotropy of the atmosphere and of the surface components,
and to improve quantification of the vegetation photosynthetic activity and the
structure of plant canopies (Martonchik et al. 1998, Gobron et al., 2000, 2002). Thus,
data collected in 36 channels (four bands and nine view angles), radiometrically
calibrated and spatially coregistered, can be analysed on a per-pixel basis.

The objective of this investigation was to use MISR data collected in the Brazilian
Amazon region to describe view angle effects on the spectral response and
discrimination of selected land cover types. For this purpose, a principal-component
analysis (PCA) was applied to bidirectional reflectance factor (BRF) spectra
representative of the selected land cover types: (a) to reduce data dimensionality; (b)
to identify the most important spectral intervals responsible for the variability in the
directional reflectance; (c) to establish the spectral similarity between the land covers
at different view angles; and (d) to indicate the best view direction to enhance land
cover discrimination.

2. Methodology

The study area is located close to the limits of the states of Acre, Rondonia and
Amazonas (Northwestern Brazil) between the geographic coordinates 68°00" W,
8°40'S (upper-left corner) and 65°00'W, 10°00’S (lower-right corner). It is
characterized by the presence of primary tropical rainforest and by land cover
types derived from its conversion such as pasture, crops and vegetation regrowth
after land abandonment. The annual rainfall and mean temperature are of the order
of 1900 mm and 24°C, respectively.

MISR data were obtained on 28 July 2000 at 1.1-km spatial resolution with the
following nominal view angles relative to the Earth’s surface: 70.5°, 60.0°, 45.6°, and
26.1° forward (cameras Af, Bf, Cf and Df) and aftward (cameras Aa, Ba, Ca and
Da) of nadir, and 0° (nadir camera An). Each of the nine cameras acquired data, in
7min at most, in four radiometrically calibrated, georectified and spatially
coregistered spectral bands: blue (425-467nm), green (543-572nm), red (661-
683 nm), and near-infrared (846-886 nm). A detailed description of the instrument
can be found in Diner et al. (1998).

The following five land cover types were chosen in the investigation: tropical close
ombrophilous lowland forest, tropical open ombrophilous lowland forest, tropical
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open ombrophilous submontane forest, green pasture and emerging pasture. The
aforementioned forest classes have a very important spatial distribution in the
Amazon region. BRF spectra representative of these land cover types were selected
from the nadir camera image by the comparison between isodata unsupervised
classification results and available ground, and vegetation map information from
previous studies (Fonseca et al. 1976, Silva et al. 1978, IBGE 1993, Sestini et al.
2002). Each land cover type was represented by 10 pixels with approximately similar
positions at each camera image.

The analysis of MISR data consisted of the application of PCA, a common
technique used in remote sensing and reflectance spectroscopy to facilitate the
interpretation of a large number of spectra (Smith ez al. 1985, Galvao et al. 1995,
1997, 2001, Palacios-Orueta and Ustin 1998). An example of the use of PCA,
including the equations used to obtain the eigenvalues, eigenvectors and the PC
scores can be found in Davis (1986). In the present study, PCA was applied over 450
MISR spectra (10 pixels, five land cover types and nine view angles) using the BRF
values of its four bands as input variables. A correlation matrix, derived from the
reflectance values of the four MISR bands, provided the basis for the eigenvalue and
eigenvector calculations and for the subsequent determination of the PC scores.
Each score represents a transformed spectrum from the linear combination of the
reflectance of the bands. By analysing the eigenvectors and the PC score differences,
the contribution of each band for the variability in the dataset and the spectral
similarity between the land covers at each view angle could be established,
respectively. View angle effects on the normalized difference vegetation index
(NDVI=(near-infrared — red)/(near-infrared +red)) were also analysed.

Finally, to analyse the results of the previous PC analysis of MISR spectra on a
per-pixel basis, a mask was created in the MISR image using available maps as
references (IBGE 1993, Sestini ez al. 2002) to represent major areas of occurrence of
the three forest types. By using the factor score coefficient matrix, derived from PCA
of MISR spectra, the PC scores were computed on a per-pixel basis for each camera.
By calculating the Euclidean distance of these scores to the group centroids (average
PC scores of each group determined from spectra analysis), the pixels were classified
for the presence of the three forest classes. The mask map image was then compared
with the PC-derived mask classified image at the different cameras to indicate the
best view direction to enhance forest cover discrimination.

3. Results and discussion
3.1 MISR imagery and land cover types

Figure 1(a) illustrates the geometry of MISR data acquisition. MISR
collected data with solar azimuth and zenith angles of 217+ 1.42° and 36+40.63°,
respectively, and the following actual view zenith angles: 70.3+0.07°, 60.0+0.08°,
45.540.11°, and 26.1+0.16° (cameras Af, Bf, Cf and Df), 2.4+1.37° (nadir)
and 26.3+0.21°, 45.84+0.12°, 60.2+0.08°, 70.4+0.07° (cameras Aa, Ba, Ca and
Da). In this study, negative (cameras forward) and positive (cameras aftward) view
angles indicate the backward and forward scattering directions, respectively
(figure 1(a)).

Figure 1(b) shows a schematic representation of the biomass decrease in the study
area from the close lowland forest to the open submontane forest. From the 500 m
MODIS vegetation continuous field dataset (Hansen et al. 2003), the following
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Figure 1. (a) Geometry of MISR data acquisition. (b) Schematic profile diagrams of the
three studied forest types. In (c), (d) and (e), MISR color composites (bands 3 (red), 4 (green)
and 2 (blue)) are shown for the backward (—70.5°) and forward (+60.0°) scattering
directions, and for the nadir (0°), respectively. Areas representative of close (red polygon) and
open (blue polygons) lowland forests, and open submontane forest (yellow polygons) are
indicated in (e).

average tree covers were obtained: 87.3% +4.5 (close lowland forest), 83.1% +4.4
(open lowland forest), and 81.2% +4.8 (open submontane forest).

Examples of MISR colour composites (bands 3 in red, 4 in green, and 2 in blue)
for data collected at large view angles (figures 1(c) and 1(d)) and at nadir (figure 1(e))
are also presented. Portions of the scene representative of the three forest types,
selected for investigation from the inspection of unsupervised classification results
and available ground and map information, are indicated by polygons in figure 1(e).
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The close lowland forest (red polygon), with emerging trees, predominates in the
central portion of the scene, whereas the open lowland forest (blue polygons), with
liana, palm trees and bamboo, occurs in the left side of the scene. The main
occurrence of open submontane forest (yellow polygons), with palm trees and liana,
is verified close to the Madeira River. Some small areas of emerging (magenta
colour in figure 1(e)) and green (light green colour) pastures were selected along the
entire scene to represent these land covers.

Thus, as a result of the Sun-viewing geometry illustrated in figure 1(a), the sensor
detected more sunlit upper layer canopy components in the backward direction (e.g.
bright image of figure I(¢)) than in the forward direction (e.g. dark image of
figure 1(d)), in which a greater proportion of shaded lower layer canopy components
was viewed. A discussion on the physical mechanisms responsible for the directional
behaviour of canopies can be found in Kimes et al. (1984b).

3.2 Spectral-angular reflectance variations from PCA

Figures 2(a) and 2(b) show average BRF spectra calculated from 10 pixels for close
lowland forest and open submontane forest, respectively. To facilitate graphic
representation, results were presented only for five of the nine MISR cameras. In
both figures, the cameras Bf and Df presented spectra with a higher reflectance than
that observed in the cameras Ba and Da due to the prevalence of sunlit view canopy
components in the backward scattering direction. When the sensor moved away
from the backward direction, the reflectance decreased because of the increase in the
relative proportion of the shadowed view canopy components. At nadir, in
comparison with the close lowland forest, the open submontane forest showed a
reflectance decrease in the near-infrared interval due to lower amounts of biomass
and to differences in canopy architecture introduced by palm trees and liana.

A better understanding of the spectral-angular variations associated with the
selected land covers was obtained from the inspection of the PCA results. Table |
shows the resultant eigenvectors for the first two components derived from the use
of PCA over 450 BRF spectra, using the reflectance values of the four MISR bands
as input variables. The eigenvector values provide the contribution of each band to
explain a given component. The first two principal components (PC1 and PC2) were
responsible by 92.3% of the variance in the dataset. PC1, which accounted for 72.9%
of the wvariance, represented the mean reflectance over the spectral bands
(brightness), as indicated by the approximately similar positive eigenvector values
(table 1). PC2, which accounted for 19.4% of the variance, expressed the spectral-
angular variation associated with the near-infrared (band 4) and blue (band 1)
bands, as indicated by the large positive and negative eigenvector values,
respectively (table 1). Thus, PC2 indicated changes in the shape of the spectra due
to viewing geometry that could be expressed by the near-infrared/blue reflectance
ratio (MISR 4:1 ratio). Since the blue and red bands are usually highly correlated
over vegetation, PC2 is also an indirect indicator of variations in vegetation indices
such as the simple ratio (near-infrared/red) or even NDVI.

The projection of the average 45 scores (average of 10 pixels for five land cover
types and nine view angles) along the first two principal-component axes (PC1 and
PC2) is displayed in figure 3. Open and close symbols linked by a single line indicate
spectra of a given land cover collected in the backward (Cameras ‘f") and forward
(Cameras ‘a’) scattering directions, respectively. The five PC curves of figure 3 could
be divided into two general groups of angular response: forest and pasture classes.
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Figure 2. Bidirectional reflectance factor (BRF) spectra (average of 10 pixels) collected at
different MISR cameras over (@) the close lowland forest and (b) the open submontane forest.

The PC curves for the forest classes have approximately the same shape in the PC
space. The same was verified between the green and emerging pasture curves. These
results are in agreement with the discussion presented by Zhang et al. (2002) on the
similarity of the angular signatures of 10 land covers and their subsequent
aggregation into fewer biome types with distinct signatures.

Table 1. Eigenvector values for the first and second principal components.

PC1 PC2
Band 1 0.267 —0.688
Band 2 0.339 0.033
Band 3 0.316 —0.122

Band 4 0.236 0.893
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Figure 3. PCI1 and PC2 scores (average of 10 pixels) as a function of nine view angles and
five land cover types. Open and close symbols indicate the backward and forward scattering
directions, respectively.

In figure 3, the mean reflectance over the spectral bands (brightness) tends to
increase from the left to the right side of the PCI1 axis, whereas the near-infrared/
blue reflectance ratio tends to increase from the bottom to the top of the PC2 axis.
Thus, as also indicated in figure 4(a), the mean reflectance tends to increase from the
forest classes (low PC1 scores in figure 3) to the green and emerging pastures (high
PC1 scores in figure 3), and from nadir to extreme viewing for all land covers. The
increase in brightness occurred especially in the backward scattering direction (open
symbols in figure 3) due to the predominance of sunlit view vegetation components.
At nadir, the open submontane forest presented a lower mean reflectance than the
other forest types. In figure4(a), as indicated by the standard deviation bars, the
spectral variability increased for a given camera from the forest classes to the green
and emerging pastures. Among the forest classes, the two open forests presented
larger standard deviation values than the close lowland forest. In general, the
spectral variability of the mean reflectance increased from nadir to extreme view
angles for all land covers.

The transition from the backward (sunlit view surface components) to the
forward (shaded view surface components) scattering directions was also
characterized by the displacement of the scores from the top to the bottom of the
PC2 axis (figure 3). In figure 4(b), as expected, such displacement was equivalent to a
decreasing near-infrared/blue reflectance ratio towards positive view angles, mostly
as a result of shadowing in the forward scattering direction, especially due to the
near-infrared band reflectance decrease. In comparison with the other forest classes,
the open submontane forest showed the largest standard deviation values in
figure 4(b).
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Figure 4. Angular variations (average of 10 pixels) for the five studied land cover types of
the (¢) mean bidirectional reflectance factor (BRF) over the spectral bands and (b) near-
infrared/blue reflectance ratio values. Standard deviation bars are indicated.

To demonstrate the anisotropic spectral behaviour of the two general groups of
land covers (forest and pasture), figure5 shows average angular BRF profiles,
normalized (ratioed) to the nadir response, for the open lowland forest and for the
emerging pasture. In general, the forest types showed stronger variations due to view
angles than the emerging and green pastures, as indicated by the wider range of the
normalized BRF values observed for forests. For example, differences in the red
band response relative to nadir were as high as +70%/—35% for the open lowland
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Figure 5. Bidirectional reflectance factor (BRF) angular profiles (average of 10 pixels)
normalized to nadir for the («) open lowland forest and (b) emerging pasture. Standard
deviation bars are indicated.

forest (figure 5(a)) and +30%/—30% for the emerging pasture (figure 5(b)) in the
backward/forward directions, respectively. For the studied land covers, the
minimum and maximum reflectance values of the red and near-infrared bands
were observed in the forward (+45.6° view angle) and backward scattering
directions (—26.1° and —45.6° view angles), respectively. Similar trends have been
reported for crops and grasses (Deering et al. 1992, Epiphanio and Huete 1995).
According to Walter-Shea et al. (1997), the view angles at which minimum and
maximum reflectance values are observed may vary with the solar zenith angle and
leaf area index.
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Figure 6. NDVI variations (average of 10 pixels) as a function of view angles for the studied
land cover types.

The directional effects were not completely removed after the determination of
NDVI (figure 6). NDVI variations with view geometry were stronger for emerging
pasture than for green pasture, and decreased for the forest classes. In relation to the
nadir response, NDVI differences increased at extreme viewing from 0.05 for the
forest classes to 0.10 for emerging pasture. In general, NDVI decreased from nadir
to extreme view angles for the forest types due to the relatively stronger increase in
their red response than in their near-infrared reflectance, especially in the backward
scattering direction (figure 5(a)). On the other hand, NDVI values increased towards
extreme viewing for emerging pasture due to the relative increase in its near-infrared
response and to the relative decrease in its red reflectance in both scattering
directions (figure 5(»)). These results are in agreement with previous investigations
that demonstrated that NDVI variations with Sun-view geometry are stronger as the
leaf area index decreases (Walter-Shea er al. 1997, Kaufmann et al. 2000) and are
dependent on the vegetation type (e.g. Jackson et al. 1990, Epiphanio and Huete
1995, Qi et al. 1995).

The magnitude of the NDVI variations due to view geometry (figure 6) may be
affected to some extent by the uncertainties in MISR BRF data. The causes of these
uncertainties were discussed by Hu et al. (2003). For example, in figure 6, NDVI
uncertainties for the forest classes increased from nadir to extreme viewing, as
indicated by larger standard deviation values observed with increasing view angles,
especially in the forward scattering direction. Such uncertainties may result from the
difficulties to remove scattering atmospheric effects on the red band at large view
angles. On the other hand, green and emerging pastures presented generally similar
standard deviation values at all view angles with slightly higher values near nadir.

3.3 Land covers discrimination from PCA

In the PC space of figure 3, small differences between the scores indicate spectral
similarity between the land covers. The dispersion of the PC scores for the forest
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types was greater in the backward direction (open symbols) than in the forward
direction (close symbols), which suggested better possibilities of spectral discrimina-
tion in the backward direction. On the other hand, the less favourable direction for
forest cover discrimination occurred at +45.6° (shadowing direction), as expressed
by the proximity of the PC scores in figure 3 (closed triangles).

To indicate the best view direction to enhance forest discrimination, PC score
differences between the close and open lowland forests (PCqjose-forest minus PCopep-
forest) Were plotted as a function of view angles (figure 7). At a given direction, small
PC score differences indicate spectral similarity between the two land covers,
whereas large differences indicate dissimilarity. The best direction for the
discrimination of the two forest types was verified at the —26.1° view angle
(backward direction) that exhibited the greatest PC1 and PC2 score differences. On
the other hand, the less favourable viewing was the forward scattering direction
under view shading condition (e.g. +45.6° view angle).

To confirm the results of figure 7 on a per-pixel basis, figure 8(«) shows areas of major
occurrence of the three forest types extracted from available maps (IBGE 1993, Sestini
et al. 2002). Figures 8(b), 8(c) and 8(d) illustrate the classification results for mask
images from the cameras Ba (+45.6°), An (nadir) and Af (—26.1°), respectively. The
criterion used for classification was the minimum distance of the pixels of the first two
PC images to the average PC1 and PC2 scores (group centroids) calculated from the
previous PCA of BRF spectra. In the forward scattering direction (figure 8(b)), the
three forest types were not adequately discriminated. At nadir (figure 8(¢)), the open
submontane forest was correctly discriminated, but several pixels of the close and open
lowland forests were misclassified. Finally, in the backward scattering direction
(—26.1° view angle), the three forest types were adequately discriminated (figure 8(d)).
The overall classification accuracy increased from 52.4% (+45.6° view angle) to 78.7%
(nadir), and to 95.0% (—26.1° view angle). In figure 9, the classification accuracy for the
close and open lowland forests increased from 70% at nadir to 95% at a —26.1° view
angle.
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Figure 7. Differences in the average PC1 and PC2 scores as a function of view angles
between the close and open lowland forests. Large score differences indicate dissimilarity.
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Figure 8. (a) Areas of major occurrence of the three forest types. The minimum distance
classification results for the mask images from the cameras Ba (+45.6°), An (nadir) and Af
(—26.1°) are presented in (b), (¢) and (d), respectively. The first two principal-component
images and the corresponding average PC1 and PC2 scores, calculated from PCA of BRF
spectra, were used in the classification.

4. Conclusions

Directional effects produced an increase in the mean reflectance over the spectral
bands from nadir to extreme viewing, especially in the backward direction due to the
predominance of sunlit view vegetation components. In general, variations in MISR
BRF followed regularities expected from theory. The mean reflectance over the
spectral bands (brightness), represented by the PC1 values, increased from the forest
types to the green and emerging pastures. It also increased from the open
submontane forest to the open lowland forest at nadir. However, such a relationship
between the forest types changed with increasing view angles in both scattering
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Figure 9. Classification accuracy for the three forest types and three view angles.
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directions, which demonstrated the target dependence of the directional effects in
the Brazilian tropical rainforest. The transition from the backward (sunlit view
surface components) to the forward (shaded view surface components) scattering
directions was also characterized by changes in the shape of the spectra. These
changes were expressed by decreasing near-infrared/blue ratio values or PC2 scores,
mostly as a result of shadowing in the forward scattering direction. Directional
effects also affected the NDVI determination of the selected land cover types
producing an NDVI decrease for the forest types and an NDVI increase for the
green and emerging pastures from nadir to extreme view angles.

PCA results indicated that the best viewing to discriminate the forest types was
the backward scattering direction. The greatest dissimilarity between the three forest
types was verified at the —26.1° view angle, as indicated by the largest PC1 and PC2
score differences. On the other hand, the greatest similarity occurred in the forward
scattering direction (e.g. +45.6° view angle) under the view shading condition. The
overall classification accuracy of the three forest classes increased from 52.4%
(+45.6° view angle) to 78.7% (nadir), and to 95.0% (—26.1° view angle). The
classification accuracy for the close and open lowland forests increased from 70% at
nadir to 95% at a —26.1° view angle. The results demonstrated that data acquisition
in off-nadir viewing may improve the discrimination and mapping of the
Amazonian land cover types. These data were obtained from NASA langley
Research Center Atmospheric Sciences Data Center.
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