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Abstract

Bidirectional Reflectance Factor (BRF) data, collected at nine view angles, four bands and six dates by the Multi-angle Imaging
SpectroRadiometer (MISR), were used to characterize the seasonality and viewing geometry effects on the discrimination of five selected
physiognomies of a specific Brazilian savanna environment. Spectral–angular profiles for each physiognomy (Seasonal, Dry and Pluvial Forests;
Arboreous and Park Savanna) were obtained from nadir-normalized BRF data at each MISR band and date of image acquisition. The maximum
likelihood classification technique was applied at each camera and date using a common set of pixels as training samples. A reference map was
used as ground truth to obtain the classification accuracy for each physiognomy, view angle and date. Results showed that the surface anisotropy
signatures of the savanna physiognomies were not unique and varied with Sun-view geometry and seasonality. Directional effects increased from
data collected in the orthogonal plane to those acquired close to the solar principal plane, and with increasing Sun zenith angles. Such effects were
also affected by seasonality due to differences in the dynamics of the vegetation response to precipitation, as indicated by the Fraction of
Photosynthetically Active Radiation (FPAR) and Leaf Area Index (LAI) values. Dry Forest presented a faster rate of “green-up” in the beginning
of the rainy season and more abrupt changes in LAI values earlier in the dry season than the other physiognomies. In relation to the nadir response,
the strongest anisotropy was observed in the backward scattering direction and in the red band at large Sun zenith angles. Directional effects were
also observed after the Normalized Difference Vegetation Index (NDVI) determination. Classification accuracy of vegetation improved from the
rainy to the dry season. The exception was Park Savanna, which was also well discriminated from the other physiognomies in the beginning of the
rainy season due to the spectral effects of non-photosynthetic vegetation (dry grass understore) that produced an increase in the red reflectance. In
general, classification accuracy of the physiognomies improved also from the forward to the backward scattering direction. The best view angles
for classification purposes ranged from 0° (nadir) to −45.6°, and were associated with viewing directions of maximum backscattering at the
different dates. In comparison with single view direction results, the use of Anisotropy Index (ANIX) images produced a general decrease in
classification accuracy values. Results indicated that off-nadir viewing can improve discrimination and mapping of major physiognomies in the
Brazilian savanna environment.
© 2006 Elsevier Inc. All rights reserved.
Keywords: MISR; Savanna; Classification; Cerrado; View angle; Sun zenith; Seasonality
1. Introduction

The Brazilian tropical savanna, locally known as “Cerrado”,
is the second largest biome of this country, after the Amazon
forest. It presents unique and rich biodiversity and consists of
small trees scattered and interspersed by shrubs and grasses in
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variable proportions (Oliveira-Filho & Ratter, 2002; Ribeiro &
Walter, 1998; Silva & Bates, 2002). This biome shows plant
species well adapted to fire and to the strong seasonal contrast
observed in precipitation between the dry and rainy seasons
(Eiten, 1982; Gillon, 1983; Sarmiento, 1983). It has been
rapidly converted into pasture and agricultural areas (Jepson,
2005; Sano et al., 2001). According to Ratana et al. (2005),
remote sensing provides useful information to monitor the
Brazilian savanna physiognomies and to analyze their seasonal
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Fig. 1. Location of the study area in the States of Minas Gerais (MG) and Bahia
(BA) close to the limits of the State of Goiás (GO). The spatial distribution of the
Brazilian savannas (Cerrado) is also illustrated.
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patterns and dynamics. Examples of the use of spectral
vegetation indices to discriminate these physiognomies were
given by Ferreira et al. (2004), Ferreira and Huete (2004) and
Sano et al. (2005).

The ability of the Multi-angle Imaging SpectroRadiometer
(MISR) on-board the Terra satellite to obtain quasi-simultaneous
multi-spectral measurements at nine view angles has provided
unique information for mapping vegetation and quantifying
canopy structure and photosynthetic activity (Braswell et al.,
2003; Diner et al., 1999, 2005; Gobron et al., 2002; Hu et al., 2003;
Lotsch et al., 2003; Nolin, 2004; Zhang et al., 2002). In general,
changes produced in sensor signal due to off-nadir viewing are
dependent on the geometry of data acquisition, the wavelength and
on the vegetation type under study (Asner et al., 1998; Galvão et
al., 2004; Kimes et al., 1984, 1994; Leroy & Roujean, 1994;
Verbrugghe&Cierniewski, 1995;Walther-Shea et al., 1997). Such
changes may be useful to improve classification accuracy of the
land cover classes (Abuelgasim et al., 1996; Sandmeier&Deering,
1999; Xavier & Galvão, 2005). In relation to nadir measurements,
off-nadir viewingmay provide an additional source of information
to discriminate the Brazilian savanna physiognomies because of
the anisotropy of their reflectance distribution thatmay also change
with both seasonality and Sun zenith angle. To optimize their
Table 1
Average and standard deviation values of vegetation parameters measured in the rai

Physiognomies Canopy cover (%) Basal area (m2/ha) DBH (cm

Seasonal Forest 72.11±21.93 55.0±16 14.20±0.8
Dry Forest 61.79±16.33 62.5±13 8.78±4.3
Arboreous Savanna 46.57±14.92 53.0±12 11.55±4.4
Pluvial Forest 41.29±23.77 88.0±14 5.81±1.1
Park Savanna 30.99±10.44 37.0±12 9.13±1.2

DBH is the tree diameter at breast height.
discrimination from multi-view angle observations, a better
understanding of how sunlight is scattered at distinct view angles
by the savanna physiognomies is still necessary.

In this article, variations in Bidirectional Reflectance Factor
(BRF) (MISR Level 2 Land Surface Data) of five major
physiognomies of a Brazilian savanna environment are
analyzed as a function of the viewing geometry and seasonality.
To demonstrate the seasonality and Sun-view angle effects on
the discrimination of these selected physiognomies, MISR data
(1.1 km of spatial resolution) collected in the rainy and dry
seasons at nine view angles and six dates are evaluated for
classification purposes.

2. The study area

The study area is located in the States of Minas Gerais and
Bahia close to the limits of the State of Goiás (Fig. 1). The
climate is tropical with monthly average temperatures above
24 °C. The study area shows well-defined rainy (November to
April) and dry (May to October) seasons with annual average
precipitation of 925 mm. More than 85% of precipitation
frequently occurs between November and March. In some
portions of the study area, the original vegetation cover has been
rapidly converted into agricultural areas.

Fivemajor physiognomies occur in the savanna environment of
the study area. According to the Brazilian system of vegetation
classification (IBGE, 1992), the physiognomies are: Floresta
Estacional Semi-Decidual (henceforth named Seasonal Forest),
Floresta Estacional Decidual (Dry Forest), Floresta Pluvial
(Pluvial Forest), Savana Arborizada (Arboreous Savanna) and
Savana Parque (Park Savanna). In the savanna classification
system proposed byRibeiro andWalter (1998), the physiognomies
Arboreous Savanna and Park Savanna of the study area are
equivalent to the Cerrado stricto sensu (Savanna Woodland) and
Cerrado Ralo (Wooded Savanna), respectively. The percentage
of trees that drop their leaves in the dry season ranges from 20% to
50% for Seasonal Forest, and is more than 50% for Dry Forest.
Pluvial Forest occurs in the flooded plain areas. Arboreous
Savanna and Park Savanna present both small palms, shrubs,
twisted or leaning trees over a grass understore. However,
Arboreous Savanna shows a more woody-dominated stratum
and a closer canopy cover than Park Savanna.

To give a better idea on the differences between the phy-
siognomies in the study area, Table 1 presents vegetation para-
meters measured in fieldwork activities on 38 representative
sample plots. Canopy cover of woody species, calculated from the
vertical projection of their outermost perimeter, decreased from the
ny season for the five physiognomies under study

) Tree height (m) Crown diameter (m) Number of trees per ha

4 6.11±1.78 2.93±1.36 1475±515
2 4.25±1.84 2.43±1.33 3222±1360
9 4.80±2.07 3.13±2.35 1454±552
6 4.67 ±0.36 1.02±0.40 3063±398
8 2.99 ±0.75 1.44±0.34 1620±757
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Seasonal and Dry Forests to the remaining physiognomies. Pluvial
Forest presented the largest value of basal area (the cross section
area of the stems of the plants) whereas Park Savanna showed the
lowest value of tree height. DBH (tree diameter at breast height)
and crown diameter values decreased from Seasonal Forest and
Arboreous Savanna to the other physiognomies. Finally, the
greatest proportion of trees was measured for the Dry and Pluvial
Forests. In the dry season, the Seasonal Forest and especially Dry
Forest presented strong leaf fall in the study area, as mentioned
before. Furthermore, non-photosynthetic vegetation (dry grass,
leaf litter, and woody material) became also a very important
spectral component of the other physiognomies.

Variations in vegetation parameters of Table 1 are consistent
with values of the vegetation continuous field product (Hansen
et al., 2002) from the Moderate Resolution Imaging Spectro-
radiometer (MODIS) for pixels approximately equivalent to the
sampled plots. According to this dataset, tree cover decreased from
the Seasonal and Dry Forests to the Arboreous Savanna, Pluvial
Forest and Park Savanna which presented the greatest proportion
of herbaceous cover. Bare cover was observed only in the
Arboreous Savanna and Park Savanna areas and presented small
values.
Fig. 2. Geometry of MISR data acquisit
3. Methodology

3.1. MISR data acquisition

MISR BRF data (Level 2 Land Surface Data; version LAND
F04-0015) with 1.1 km of spatial resolution were obtained at six
dates to represent a seasonal cycle: November 17, 2003
(beginning of the rainy season); April 25, 2004 (end of the
rainy season); June 28, July 30, August 15, 2004 (dry season); and
October 02, 2004 (end of the dry season). In fact, the precipitation
in the study area used to begin at the end of October. The
instrument collected images with the following nominal view
angles relative to 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 andDa) of nadir (camera An, 0°). Each of the nine cameras
acquired data, in 7 min at most, in four radiometrically calibrated,
geo-rectified and spatially co-registered spectral bands: blue
(425–467 nm), green (543–572 nm), red (661–683 nm) and near-
infrared (846–886 nm). A more complete description of the
MISR instrument can be found in Diner et al. (1998).

Fig. 2 shows the geometry of the six MISR data acquisition.
In this investigation, negative (forward cameras) and positive
ion for the six dates under analysis.



Fig. 3. Average Bidirectional Reflectance Factor (BRF) and standard deviation
values (10 pixels) of the five physiognomies under study for data acquired at
nadir viewing (camera An) on: (a) November 17, 2003; and (b) October 02,
2004. The symbols indicate the centre of the MISR bands.

Fig. 4. Seasonal variations in average MISR-derived Photosynthetically Active
Radiation (FPAR) and standard deviation values (10 pixels) for the five
physiognomies under study as a function of precipitation in the study area.
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(aftward cameras) view angles indicate the backward and
forward scattering directions, respectively. According to this
figure, MISR data from November 17 and October 02 were
collected close to the orthogonal plane, whereas data from the
remaining dates were acquired close to the solar principal plane.

3.2. Data analysis

The first step in the analysis of the MISR BRF dataset
consisted of the selection of pixels in homogeneous areas
representative of the five land cover types under study: Seasonal
Forest, Dry Forest, Pluvial Forest, Arboreous Savanna and Park
Savanna. This selection was based on the combined analysis of
available vegetation maps (e.g., IBGE, 2004), K-Means
unsupervised classification results derived from nadir MISR
data, and especially on field inspection of potential sites repre-
sentative of the selected land covers. For each physiognomy,
10 pixels were selected with approximately similar position at
each camera image of the different dates. To characterize
spectral–angular variations of the physiognomies with season-
ality, the BRF data of the four MISR bands, acquired at different
view angles (cameras “a” and “f”’), were normalized to the
nadir response (camera An) at each date and plotted as a func-
tion of view and Sun zenith angles. The anisotropic behavior
effects of vegetation on the determination of the Normalized
Difference Vegetation Index (NDVI) were analyzed. The MISR
Level 2 Land Surface products Leaf Area Index (LAI) and
Fraction of Photosynthetically Active Radiation (FPAR) (Hu
et al., 2003) were also considered in the analysis.

The last step in data analysis was to use the previously
selected pixels as training samples to evaluate the seasonality
and Sun-view angle effects on the classification of the
physiognomies. This step was preceded by the inspection of
the spectral distances (Euclidean Distance) between the
physiognomies. Differences between the mean distances were
evaluated by t-tests. The maximum likelihood supervised
classification technique (Richards, 1999), which calculated the
probability that a given pixel belonged to a specific class with
the assumption of a Gaussian distribution for the class data, was
then applied at each camera and each date. A reference map
showing the spatial distribution of the five physiognomies,
elaborated from available vegetation maps (e.g., IBGE, 2004)
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and updated from fieldwork activities to incorporate land cover
changes not previously mapped, was considered as ground truth
information. By comparing the classification results with this
reference map, classification accuracy (percent pixels correctly
classified according to the reference map) was evaluated for
each physiognomy, view angle and date of image acquisition
(rainy and dry seasons).

Besides the identification of the best view direction to
discriminate the physiognomies, the angular contrast information,
represented by the Anisotropy Index (ANIX), was also considered
in the classification analysis for images collected close to the solar
principal plane. According to Sandmeier and Deering (1999), the
ANIX is defined as the ratio between the maximum (Rmax) and
minimum (Rmin BRF values in the principal plane (or defined
azimuth plane) per spectral band (wavelength, λ):

ANIXðk; hiÞ ¼ RmaxðkÞ=RminðkÞ ð1Þ
where θ is the view angle and i is the illumination direction.
Fig. 6. Seasonal variations in averageMISR-derived Leaf Area Index (LAI) values
for the five physiognomies under study. Standard deviation bars are indicated.
4. Results and discussion

4.1. Seasonal behavior of the savanna physiognomies

Fig. 3 shows the average BRF response at nadir viewing
(camera An of MISR) of the five physiognomies under study in
Fig. 5. Changes in Dry Forest from the (a) rainy to the (b) dry seasons.
two distinct dates: November 17, 2003 (Fig. 3a) and October 02,
2004 (Fig. 3b). In the beginning of the rainy season (Fig. 3a),
discrimination of the physiognomies was muchmore difficult than
at the end of dry season (Fig. 3b), as indicated by the similarity of
the BRF spectra measured in November. In Fig. 3a, the “green-up”
of the vegetation (red chlorophyll absorption) due to the beginning
of precipitation was apparent for most of the physiognomies,
except for Park Savanna which was well discriminated from the
other physiognomies due to influence of non-photosynthetic
vegetation (dry grasses over the substrate) on its spectral response.
The presence of dry grasses over the substrate produced a higher
red response for Park Savanna than that verified at the end of the
rainy season for this physiognomy (April 25; result not shown).
According to Ratana et al. (2005), the rate of “green-up” tends to be
slower for herbaceous—than for woody-dominated strata due to
the flush in new leaf growth that occurs with the woody plant
species. From the rainy (Fig. 3a) to the dry (Fig. 3b) season, an
increase in the red reflectance and a decrease in the near-infrared
response were observed for most of the physiognomies, especially
for Dry Forest due to its almost complete leaf fall.

The relationships between MISR-derived FPAR of the five
physiognomies and precipitation values are shown in Fig. 4. As a
result of the spectral patterns shown in Fig. 3, some physiognomies
presented substantial changes in photosynthetic capacity with
seasonality, as indicated by the FPAR values. Changes in the slope
of the FPAR profiles calculated from six dates indicate differences
in the dynamics of the vegetation response to precipitation. From
November to April (rainy season), an overall increase in FPARwas
noticed for all physiognomies, which was stronger for Park
Savanna especially due to the replacement of the dry grass
understore by the green grass cover. From April (rainy season) to
the beginning of October (dry season), the precipitation decreased
abruptly producing a general decrease in FPAR values for all
vegetation types. In Fig. 4, the fastest response to the decrease in
precipitation was displayed by Dry Forest that presented an abrupt



Fig. 7. Seasonal changes in nadir-normalized Bidirectional Reflectance Factor (BRF) angular profiles of the (a, b) Dry Forest and (c, d) Park Savanna. Average and
standard deviation values (10 pixels) refer to the red and near-infrared bands of the MISR instrument.
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reduction in FPAR values towards the dry season. As illustrated in
Fig. 5, the leaves of this physiognomy fell almost completely in the
dry season. In Fig. 6,most of the physiognomies showedmaximum
and minimumMISR-derived LAI values in April (end of the rainy
season) andOctober (end of the dry season), respectively.However,
compared with the other physiognomies, Dry Forest showed the
strongest reduction in LAI values from the rainy to the dry season.

4.2. Spectral–angular variations of the physiognomies with
seasonality

To demonstrate the anisotropic spectral behavior of the
physiognomies with seasonality, Fig. 7 shows nadir-normalized
red and near-infrared reflectance values for theDry Forest (Fig. 7a,
b) and Park Savanna (Fig. 7c, d), and six dates of imagery.

As expected, directional effects shown in Fig. 7 were less
pronounced for data collected close to the orthogonal plane
(November and October) due to the approximately similar
proportions of sunlit and shaded canopy components viewed by
the sensor. Thus, the anisotropy of the response of both
physiognomies increased from November and October (orthog-
onal plane) up to June (solar principal plane), and from low to
high solar zenith angles (Fig. 2). The strongest differences from
the nadir response were observed in the backward scattering
direction (negative view angles in Fig. 7) with the predomi-
nance of illuminated vegetation components for the sensor. The



Fig. 8. Variations in nadir-normalized Bidirectional Reflectance Factor (BRF) of the (a, b) Dry Forest and (c, d) Park Savanna as a function of the solar zenith and view
angles. Average and standard deviation values (10 pixels) refer to the red and near-infrared bands of the MISR instrument. The month of image acquisition is indicated
in (a).
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red band (Fig. 7a and c) presented a more anisotropic behavior
than the near-infrared band (Fig. 7b and d), as indicated by the
wider range of normalized BRF data in the backward scattering
direction. This result is in agreement with that obtained by
Sandmeier and Deering (1999). According to them, directional
effects are particularly strong in spectral regions of high
absorbance such as the red chlorophyll interval. On the other
hand, they are less pronounced in the near-infrared due to the
predominance of multiple scattering processes that reduce the
spectral contrast between shadowed and illuminated canopy
components (Sandmeier et al., 1998).

In the backward scattering direction and for data collected in
the solar principal plane, Dry Forest (Fig. 7a and b) presented a
more anisotropic angular response than Park Savanna (Fig. 7c
and d). However, the contrary was verified for images collected
in the orthogonal plane (November and October) at the same
viewing direction (negative view angles), especially for the red
band. The directions of maximum reflectance were better
defined in the principal plane for Park Savanna than for Dry
Forest. In Fig. 7c and d, maximum backscattering was observed
at view angles ranging from the camera Af (−26.1°) to the
camera Bf (−45.6°). The hot spot effect, which comprised the
antisolar direction of maximum reflectance and minimum
shadowing, was evident in the angular profiles of Park Savanna
(Fig. 7c and d) for data acquired with large Sun zenith angles
(July and June) at view angle of −45.6°.



Fig. 9. Seasonal variations in nadir-normalized NDVI angular profiles of the (a)
Dry Forest and (b) Park Savanna. Standard deviation values (10 pixels) are
indicated.
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Results obtained for the other physiognomies (not shown)
followed the same general trend displayed by the angular
profiles of Fig. 7 but with different degrees of anisotropy. Such
results enhanced the land cover type dependence of the
directional effects in the savanna environment. These effects
became complex with seasonality due to variations in Sun
zenith angles and in proportions of green and non-photosyn-
thetic vegetation (overstore and understore), and to the resultant
modifications in vegetation structural characteristics.

As illustrated in Fig. 8, the anisotropy shown in Fig. 7
changes significantly with the Sun zenith angle. Thus, the
angular profiles of the savanna physiognomies (Dry forest and
Park Savanna) are not conserved over time, especially in the
backward scattering direction (close symbols in Fig. 8). In fact,
such profiles may also vary in some extent with latitude/
longitude in a given scene. In Fig. 8, for a given view angle in
the backward scattering direction, directional effects were
stronger with increasing Sun zenith angles, or from November
(beginning of the rainy season) and October (end of the dry
season) to June (dry season). The influence of the seasonality on
the shape of the Dry Forest profiles (Fig. 8a) can be noticed on
April (end of the rainy season).

Fig. 9 indicates that the directional effects of Fig. 7 are not
completely removed after NDVI determination. In Fig. 9a, in
comparison with nadir viewing and for data collected close to
the principal plane with large Sun zenith angles (April, June,
July and August), Dry Forest presented lower NDVI values in
the backward scattering direction (negative view angles) due to
an increase in red reflectance towards extreme viewing. It also
displayed higher NDVI values in the forward scattering
direction (positive view angles) due to a decrease in red
response towards large view angles. In comparison with nadir
viewing and for data collected in the orthogonal plane with low
Sun zenith angle (November and October), Dry Forest showed
higher NDVI values in both scattering directions (Fig. 9a)
especially due to a decrease in red reflectance with increasing
view angles.

In Fig. 9b, Park Savanna exhibited a different pattern from
Dry Forest for data collected in the principal plane (April, June,
July and August). In comparison with nadir viewing, NDVI
values first decreased in the backward scattering direction up to
view angles of maximum reflectance in the red interval (−26.1°
and −45.6° in Fig. 7c). Then, they increased as a function of the
decrease in red reflectance with large view angles.

In Figs. 7, 8 and 9, standard deviation values tend to increase
from nadir to extreme view angles. This trend may be associated
with the uncertainties of the MISR BRF data. The causes of
uncertainties were discussed by Hu et al. (2003) and may
include factors such as the removal of atmospheric effects at
extreme viewing.

4.3. Classification of physiognomies with view angle and
seasonality

The effects of seasonality and viewing geometry on the
discrimination of the physiognomies are illustrated in Fig. 10.
Fig. 10a shows variations in Euclidean Distance values for the
discrimination between Arboreous Savanna and Park Savanna
whereas Fig. 10b presents the results for the distinction between
Dry Forest and Seasonal Forest. In each figure, average values
above the horizontal dashed line are statistically different (t-test;
significance level of 0.05) from the lowest mean distance
(camera Da; June and April, respectively).

In Fig. 10a, the best results (the largest Euclidean Distance
values) for the discrimination between Arboreous Savanna and
Park Savanna were obtained for images collected in the beginning
of the rainy season (November 17, 2003) and at the end of the dry
season (October 02, 2004). In the beginning of the rainy season,



Fig. 10. Variations in Euclidean Distance values (average and standard deviation
values for 10 pixels) as a function of seasonality and view angle for the
discrimination between (a) Arboreous Savanna and Park Savanna; and (b) Dry
Forest and Seasonal Forest. Values above the horizontal dashed line are
statistically different (t-test; significance level of 0.05) from the lowest mean
distance (camera Da) in each figure.

Fig. 11. Variations in classification accuracy values with seasonality and view
angles for (a) Dry Forest; (b) Park Savanna; and (c) all physiognomies. View
angles with the best results of classification accuracy are indicated by arrows.
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great amounts of non-photosynthetic vegetation over the substrate
viewed by the sensor facilitated the discrimination of Park Savanna
from the other physiognomies, as indicated also by the BRF
spectra of Fig. 3a. In Fig. 10a, discrimination improved from the
forward (positive view angles) to the backward (negative view
angles) scattering directions up to view angles that produced the
maximum backscattering.

In Fig. 10b, discrimination between Dry Forest and Seasonal
Forest improved from the rainy (November 17, 2003 and April



285V. Liesenberg et al. / Remote Sensing of Environment 107 (2007) 276–286
25, 2004) to the dry season (October 02, 2004). This result is
consistent with that presented in Fig. 3 that shows greater
separability between the two physiognomies on October 02
(Fig. 3b) than on November 17 (Fig. 3a). In general, better
results were obtained in the backward scattering direction than
in the forward scattering direction, especially for images
collected in the principal plane. All dates except April presented
statistically different mean values.

Fig. 11 shows classification accuracy results as a function of
the seasonality and view angles for Dry Forest (Fig. 11a), Park
Savanna (Fig. 11b), and all physiognomies (Fig. 11c). To
facilitate graphic representation, results were presented only for
four of the six dates of MISR image acquisition.

For Dry Forest (Fig. 11a), classification accuracy improved
from the rainy (November and April) to the dry (October) season,
and from the forward (positive view angles) to the backward
(negative view angles) scattering direction. The best view angles
for classification purposes, indicated by arrows, ranged from 0°
(nadir) to −45.6°, and corresponded to viewing directions of
maximum backscattering of this vegetation type at each date. For
Park Savanna (Fig. 11b), the largest classification accuracy values
were obtained also at view angles close to nadir. However, the best
results were verified in the beginning of the rainy season
(November) and at the end of the dry season (October) due to
the spectral influence of the dry grass understore that facilitated its
discrimination from the other physiognomies, as explained before
for Fig. 3. Results for all physiognomies under analysis (Fig. 11c)
showed a similar trend to Fig. 11a. In Fig. 11c, an improvement of
the overall classification accuracy results was observed from the
rainy (e.g., 77% at nadir on April 25) to the dry (e.g., 87% at nadir
on October 02) season, and from the forward (e.g., 82% at +70.5°
view angle on October 02) to the backward (e.g., 93% at −26.1°
view angle on October 02) scattering direction.

When the angular contrast information was considered in the
analysis, as indicated by the classification of ANIX images
acquired in the principal plane, a general decrease in classification
accuracy was observed for the savanna physiognomies that pre-
sented values lower than 60%. For example, classification ofANIX
MISR data from July, derived from the −45.6° backward (hot spot
or maximum reflectance in Fig. 7c and d) and +45.6° forward
(minimum reflectance) scattering directions, produced overall
accuracy results of 52% against 84% at −45.6° view angle. Accor-
ding to Sandmeier and Deering (1999), in comparison with nadir
data, the use of ANIX data may increase or decrease classification
accuracy depending on the land cover type under study.

5. Conclusions

Results demonstrate that the surface anisotropy signatures of
the savanna physiognomies are not unique and may vary with
view and Sun zenith angles and seasonality. Directional effects
increased from MISR data collected in the orthogonal plane
(November and October) to those acquired in the solar principal
plane (April, August, July and June), or with increasing Sun
zenith angles. It occurred because of the approximately similar
proportions of sunlit and shaded canopy components viewed by
the sensor in the orthogonal plane. The directional effects were
stronger for large Sun zenith angles and were also affected by
seasonality due to differences in the dynamics of the vegetation
response to precipitation, as indicated by FPAR and LAI values.
For example, Dry Forest presented a fast rate of “green-up” (red
chlorophyll absorption) in the beginning of the rainy season and
abrupt changes in LAI values early in the dry season. As a
result, a substantial change in the slope of the FPAR profile was
observed for this physiognomy from the rainy to the dry season.

In relation to the nadir response, the strongest anisotropy was
observed in the backward scattering direction and in the red band.
In the backward scattering direction and for data collected with
large Sun zenith angles in the solar principal plane, Dry Forest
presented a more anisotropic angular response than Park Savanna
but the opposite pattern was verified for images collected with low
Sun zenith angles in the orthogonal plane at the same viewing
direction, especially for the red band. The land cover type
dependence of such directional effects was also observed after
NDVI determination.

The effects of Sun-view geometry and seasonality affected
the discrimination of the physiognomies. In general, classifica-
tion accuracy of vegetation improved from the rainy (November
and April) to the dry (October) season. The exception was Park
Savanna that was also well discriminated from the other
physiognomies in the beginning of the rainy season (November)
because of the spectral influence of non-photosynthetic
vegetation (dry herbaceous understore) that produced a red
reflectance increase. In general, classification accuracy of the
physiognomies improved also from the forward to the backward
scattering direction, or from the transition of shadowed to
dominant sunlit canopy components viewed by the sensor. The
best view angles for classification purposes ranged from 0°
(nadir) to −45.6°, and were associated with viewing directions
of maximum backscattering of the physiognomies at the
different dates. In comparison with single view direction
results, the use of ANIX images produced a general decrease
in classification accuracy values.
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