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ABSTRACT
Directional effects introduce a variability in reflectance and vegetation index determination, especially when
large field-of-view sensors are used (e.g., Moderate Resolution Imaging Spectroradiometer - MODIS). In
this study, we evaluated directional effects on MODIS reflectance and four vegetation indices (Normalized
Difference Vegetation Index - NDVI; Enhanced Vegetation Index - EVI; Normalized Difference Water

Index - NDWI¢40 and NDWI,;,) with the soybean development in two growing seasons (2004-2005 and
2005-2006). To keep the reproductive stage for a given cultivar as a constant factor while varying viewing
geometry, pairs of images obtained in close dates and opposite view angles were analyzed. By using a non-
parametric statistics with bootstrapping and by normalizing these indices for angular differences among
viewing directions, their sensitivities to directional effects were studied. Results showed that the variation
in MODIS reflectance between consecutive phenological stages was generally smaller than that resultant
from viewing geometry for closed canopies. The contrary was observed for incomplete canopies. The
reflectance of the first seven MODIS bands was higher in the backscattering. Except for the EVI, the other
vegetation indices had larger values in the forward scattering direction. Directional effects decreased with
canopy closure. The NDVI was lesser affected by directional effects than the other indices, presenting the
smallest differences between viewing directions for fixed phenological stages.
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INTRODUCTION

In Earth science studies with satellite images,
vegetation indices are generally used to characterize
the dynamics of vegetation and to estimate
biophysical attributes such as Leaf Area Index
(LAI) (Knyazikhin et al. 1998, Myneni et al. 2002,
Jackson et al. 2004, Rizzi et al. 2006, Yi et al. 2008,
Jiang et al. 2010). Biophysical attributes estimates
from empirical models using vegetation indices are
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especially important in areas where cloud cover is
a major limiting factor to achieve high quality data
for physical models.

In theory, an ideal vegetation index should
maximize the green vegetation response while
minimizing the influence of otherundesirable factors
on canopy reflectance. In practice, this ideal index
does not exist, which explains the great number of
indices proposed after the first publication of the
Normalized Difference Vegetation Index (NDVI)
(Rouse et al. 1973). For example, when compared
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to the NDVI, the Enhanced Vegetation Index (EVI)
was formulated to improve the sensitivity to high
biomass and to reduce the atmosphere and soil
background effects (Huete et al. 2002, Jiang et al.
2008). The Normalized Difference Water Index
(NDWI) was designed to detect green vegetation
through the indirect measurement of the leaf/
canopy water content (Gao 1996, Jackson et al.
2004). In spite of these modifications, most of the
vegetation indices are still sensitive to directional
effects (Wardley 1984, Myneni and Williams 1994,
Epiphanio and Huete 1995, Walter-Shea et al. 1997,
Aparicio et al. 2004, Chen et al. 2005, Galvao et al.
2009, and references therein).

Directional effects are especially important when
using large field-of-view (FOV = £55°) sensors like
the Moderate Resolution Imaging Spectroradiometer
(MODIS) onboard the Terra and Aqua platforms
(Meyer et al. 1995, Miura et al. 2000, Gao et al. 2003,
Xiong et al. 2005, Doraiswamy et al. 2005, Jiang et
al. 2010). This instrument is very important for global
scalestudies because itsnearly daily coverage increases
the chances of acquiring cloud-free images for an
adequate temporal series analysis. On the other hand,
for the same vegetation type and phenological stage,
changes in MODIS illumination-viewing geometry
(solar and sensor azimuth and zenith angles) can
result in strong reflectance differences for the sensor
that impact on the vegetation index determination and
on resultant empirical LAI estimates.

LAI estimates can be critical over Brazilian
soybean areas because the crop development is
coincident with the peak of cloud cover. As a result,
most of the MODIS LAI estimates (e.g. MOD15
product) are performed using empirical relationships
betweenthe NDVIand LAI(the "Backup Algorithm")
rather than radiative transfer modeling (the "Main
Algorithm") (Rizzi and Rudorff 2007, Rizzi et al.
2006). Alternatively, LAI can be estimated from the
NDWI or EVI, but there are no studies addressing
the sensitivity of these indices to directional effects
when compared to the NDVI.
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In this investigation, a temporal series of
MODIS images was used to evaluate the directional
effects on reflectance and vegetation indices (NDVI,
EVI and NDWIs) as a function of the soybean
development in two growing seasons (2004-2005
and 2005-2006). The objective was to identify the
less affected vegetation index by such effects.

MATERIALS AND METHODS
STUDY AREA AND AGRONOMIC DATA

The study area (Tanguro farm; 11,000 hectares)
is located in Queréncia municipality, state of
Mato Grosso (central Brazil), between the
coordinates S12.679/W52.421 (upper left corner)
and S12.887/W52.298 (lower right corner). This
area is characterized by a flat topography (350 m
of altitude) with the predominance of Latossolo
Vermelho-Amarelo distrofico (Typic Acrustox in
the USA Soil Taxonomy). The climate is tropical
with mean temperature of 26°C and annual rainfall
of 1850 mm. The native vegetation comprises the
transition between the Brazilian savannas (Cerrado)
and the Amazonian tropical rainforest.

Five soybean cultivars predominated at the
Tanguro farm in the two growing seasons (2004-
2005 and 2005-2006) (Table I). Most of the cultivars
were planted with constant row spacing (45 cm) in
the beginning of November and harvested at the end
of March. In general, maximum crop development
was observed between January and February.
Perdiz was the dominant cultivar in both seasons.
Inspection of TRMM (Tropical Rainfall Measuring
Mission) data showed that the rainy season started
earlier in 2004-2005.

A detailed map of soybean cultivars was
provided by the farm administration for both
growing seasons. Using this map, we selected only
cultivars from well-defined clusters of spatially
adjacent soybean plots. For example, in the
2005-2006 growing season, the total size of plots
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TABLE I

Agronomic data for some soybean cultivars planted at the Tanguro farm in
the 2004-2005 and 2005-2006 growing seasons.

265

2004-2005 2005-2006
Cultivar Planting date |Harvesting date Planting date |Harvesting date N
MM/DD,YY | MM/DD,YY " MM/DD,YY | MM/DD,YY

Perdiz 10/30-11/09, | 03/07-04/09, 47 10/25-11/05, | 03/01-03/ 28, 30

2004 2005 2005 2005
Monsoy 11/14-11/16, | 03/24-03/30, 5 11/11-11/13, | 03/02-04/08, 12
9010 2004 2005 2005 2006
Tabarana - - - 11/08-11/14, | 03/20-04/09, 13

2005 2006

Monsoy - - - 11/02-11/17, | 03/09-03/20, 17
8914 2005 2006
Monsoy 10/29-11/01, [ 02/21-03/13, g - - -
8411 2004 2005

n is the number of soybean fields sensed by MODIS for each cultivar.

ranged from 300 hectares (12 pixels) for Monsoy
9010 to 750 hectares (30 pixels) for Perdiz. To
avoid subpixel mixture and surface land cover
heterogeneity, a minimum margin of 500 m from
the border of the plots was established to select the
representative pixels for data analysis.

MoDIS REFLECTANCE DATA

The investigation was performed using MODIS
daily surface reflectance images and derived
vegetation indices (NDVI, EVI and NDWIs). The
Collection 5 product “Surface Reflectance Daily
L2G Global 1km and 500m” (MODO09GA) was
obtained from the Warehouse Inventory Search
Tool (WIST). The MODIS Reprojection Tool
(MRT) (Dwyer and Schmidt 2006) converted
the sinusoidal projection into planar coordinates
(UTM WGS-84). A total of 19 (2004-2005) and

20 (2005-2006) cloud free images with a pixel
size of 500 m was selected from November to
March of each season. A detailed list of the 20
images representing the 2005-2006 growing season
(planting to the harvesting period) is presented in
Table II. Negative angles indicate backscattering
(Sun behind the sensor) or the predominance of
sunlit canopy components for the MODIS. Positive
angles indicate forward scattering (sensor in front
of the Sun), with the predominance of shadowed
canopy components for the sensor.

DATA ANALYSIS

Three main steps were used in the data analysis:
a) analysis of the reflectance and vegetation index
variation as a function of the soybean development;
b) evaluation of the directional effects on reflectance
and vegetation indices for fixed phenological stages;
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TABLE I1

List of MODIS images used in the analysis of the 2005-2006 soybean growing season. Bolded and
italicized dates refer to pair of MODIS images with opposite view angles acquired over incomplete

(December) and closed (January) canopies.

Date A;;if:v(o) Direction Days after planting*
November 04, 2005 -41 Backscattering Planting period
November 06, 2005 -56 Backscattering Planting period
November 07, 2005 +24 Forward scattering Planting period
November 09, 2005 -4 Backscattering Planting period
November 21, 2005 +45 Forward scattering 12
December 21, 2005 +58 Forward scattering 42
December 22, 2005 -41 Backscattering 43
December 25, 2005 +24 Forward scattering 46
January 14, 2006 -32 Backscattering 66
January 19, 2006 +8 Forward scattering 71
January 21, 2006 -20 Backscattering 73
January 22, 2006 +58 Forward scattering 74
January 23, 2006 -42 Backscattering 75
January 24, 2006 +44 Forward scattering 76
January 25, 2006 -57 Backscattering 77
January 29, 2006 +63 Forward scattering 81
February 09, 2006 +44 Forward scattering 92
February 19, 2006 -62 Backscattering 102
February 22, 2006 - 19 Backscattering 105
March 21, 2006 -50 Backscattering Harvesting period

* November 9 served as reference for planting date.

and c) sensitivity analysis of the vegetation indices
to directional effects. The MODIS band positioning
and equations/references for the studied vegetation
indices are presented in Table III. Unfortunately,
the original formulation of the NDWI (Gao 1996)
could not be applied to MODIS due to stripping
(noisy data) associated with band 5 (1230-1250
nm). We then used two NDWI variants proposed by
Chen et al. (2005) to address this problem, in which
MODIS band 5 was replaced in the Gao’s equation
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by bands 6 (1628-1652 nm; henceforth named
NDWl640) and 7 (2105-2155 nm; NDWI515).

In the first step, we used the first seven
MODIS bands to characterize temporal variation
in reflectance and plotted the derived NDVI, EVI,
NDWlg49 and NDWI,,, for different soybean
cultivars. A total of 70 (2004-2005) and 72 (2005-
2006) agricultural fields of the soybean varieties
had their reflectance values extracted and the
vegetation indices calculated for each one of the
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TABLE III
First seven MODIS bands and derived vegetation indices under analysis.
Vegetation First seven
Index Formula Reference MODIS Bands
NDVI (b2-b1)/(b2+b1) Rouse et al. (1973) b1 (620-670 nm)
b2 (841-876 nm)
(b2-b1) 53
(459-479 nm)
EVI 2.5 <(b2+6 * D175 % D341 Huete et al. (2002) bt (545,565 )
b5 (1230-1250 nm)
NDWI 640 (b2-b6)/(b2+b6) Chen et al. (2005) b6 (1628-1652 nm)
NDWI, ;5 (b2-b7)/ (b2+b7) Chen et al. (2005) b7 (2105-2155 nm)

dates comprising the life cycle of soybean (Table I).
Results with the crop development were analyzed
considering the viewing direction of MODIS data
acquisition (backscattering and forward scattering).

In order to keep the reproductive stage for
a given soybean cultivar as a constant factor
whilst varying the viewing geometry, two pairs
of images obtained at opposite view angles and
consecutive dates were analyzed in the second step
to evaluate the directional effects on reflectance
and vegetation indices. For example, dates in italic
in Table II indicated pairs of images selected for
the 2005-2006 growing season (December 21 and
22, 2005; January 23 and 24, 2006). Scatter plots
of the reflectance and vegetation indices were
then generated for each pair of dates representing
incomplete and closed soybean canopies as a
function of viewing direction.

The last step in data analysis included the use of
two different approaches to evaluate the sensitivity
of vegetation indices to directional effects. First, a
statistical approach based on the non-parametric
Wilcoxon Signed Rank Test (WSRT) (Wilcoxon
1945) was used to verify differences between the
vegetation indices calculated from consecutive
dates (same phenological stage) and opposite
viewing directions (backscattering and forward
scattering). In order to reduce the impact of the
small sample size and strength of the analysis,

a bootstrap analysis with 1000 repetitions was
adopted. The inspection of Z and p-values provided
an indication of the differences of a given vegetation
index between the populations (backscattering
and forward scattering). The second approach in
the sensitivity analysis was based on the angular
normalization of the four vegetation indices
calculated for the same reproductive stage and from
opposite view directions through the equation:
(Vlforward scattering ~ VIbackscattering)/ (VIforward scattering
+ Vlpackscattering)- Angular differences close to zero
indicate a lesser sensitivity of the vegetation indices
to directional effects. To take into consideration the
impact of other potential factors on results (e.g.,
atmosphere residual effects and pixel mixture),
the frequency of the pixels with the lowest angular
differences for each index was computed. Results
from the two approaches (Wilcoxon Signed Rank
Test and angular normalization) were compared to
each other.

RESULTS AND DISCUSSION

TEMPORAL VARIATION IN SOYBEAN REFLECTANCE AND

VEGETATION INDICES

Temporal variation in MODIS reflectance between
consecutive phenological stages was generally
smaller than that resultant from viewing geometry
for closed canopies (Figure 1a), but the contrary was
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observed for incomplete canopies (Figure 1b). For
example, the Perdiz cultivar showed reflectance
differences up to 4% in the near infrared (NIR)
interval (MODIS band 2; 841-876 nm) due to distinct
phenological stages. Such differences increased to
values up to 20% when this soybean cultivar was
sensed by MODIS at the same phenological stage,
but with opposite backscattering (e.g., -42° view
angle for January 23, 2006) and forward scattering
(e.g., +44° view angle for January 24, 2006)
directions (Figure 1a). On the other hand, Monsoy
9010 presented reflectance differences up to 25%
(phenological stages) and up to 15% (viewing
geometry) in the NIR from December to January
(Figure 1b).
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Figure 1 — Mean MODIS reflectance spectra of (a) Perdiz and (b)

Monsoy 9010 soybean cultivars in two development stages of the
2005-2006 growing season.
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As expected, the reflectance of the first seven
studied MODIS bands was much higher in the
backscattering direction due to larger amounts of
sunlit canopy components viewed by the sensor.
For example, in spite of the view angles listed
in Table II, the MODIS red (Figure 2a) and NIR
(Figure 2b) reflectance values were always higher
in the backscattering direction along the entire
cycle of soybean development in 2005-2006,
including the planting period. A similar pattern
was observed in 2004-2005.

After the NDVI calculation (Figure 3a), spectral
differences due to viewing geometry were greatly
reduced. In contrast to reflectance values, because
the red radiation was much more affected by shadows
than the NIR radiation (Leblon et al. 1996, Aparicio
et al. 2004) and due to the greater dependence of the
NDVI to the red band, the NDVI values were higher
in the forward scattering direction at all stages of
the soybean development. The same behavior was
not observed for the EVI (Figure 3b) that presented
larger values in the backscattering and greater
dependence on the NIR band (R’ = 0.89). Because
of these behaviors, the 16-day composite MODIS
vegetation index images (product MODIS 13Q1)
may be biased in some extent by a preferential pixel
selection due to directional rather than atmospheric
effects, as discussed by Meyer et al. (1995), when
using AVHRR data and the maximum NDVI
procedure for pixel selection.

DIRECTIONAL EFFECTS ON REFLECTANCE AND VEGETATION

INDICES FOR FIXED PHENOLOGICAL STAGES

For fixed
December 2005 (incomplete canopies) and in

soybean phenological stages in
January 2006 (closed canopies) and for opposite
viewing directions, the inspection of the scatter
plots for MODIS bands (Figure 4) showed higher
reflectance for backscattering pixels (filled
symbols) in concordance with the results of Figure 2.
Data dispersion was higher in December because
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Figure 3 — Variation in the (a) NDVI and (b) EVI as a function of the crop development (Perdiz cultivar) and viewing direction.

of the stronger soil background influence on the
incomplete canopy reflectance.

When plotted as a function of the soybean
varieties, the NDVI showed higher values in the
forward scattering direction, which presented also
higher amplitude of vegetation index variation
with the cultivar development, especially for
Monsoy 9010 (Figure 5). This variety was sensed
by MODIS in December 2005 at an earlier
phenological stage than the others. In agreement
with field experiments by Epiphanio and Huete
(1995) and Walther-Shea et al. (1997), the results
of Figure 5 showed that directional effects were
stronger on the NDVI calculated over soybean

incomplete canopies (December 2005) than over
closed canopies (January 2006), as indicated
by larger data variability at initial stages of crop
development. The other VIs presented similar
results (not showed).

SENSITIVITY OF VEGETATION INDICES TO DIRECTIONAL EFFECTS

Wilcoxon Signed Rank Test coefficients for the
differences among vegetation indices, which were
calculated at the same soybean phenological stage
and in opposite forward scattering (December
21, 2005; +58° view angle) and backscattering
(December 22, 2005; -41° view angle) directions,

An Acad Bras Cienc (2012) 84 (2)



270 FABIO M. BREUNIG, LENIO S. GALVAO, ANTONIO R. FORMAGGIO and JOSE C.N. EPIPHANIO

m O January 23-24, 2006
©® O December 21-22, 2005

(841-876 nm)
(V)]
(e
|

MODIS NIR reflectance (%)

I
6 8 10 12

MODIS Red reflectance (%)
(620-670 nm)

Figure 4 — Relationship between the MODIS red (620-670 nm) and near-infrared (NIR) (841-876 nm) reflectance for two pairs of images acquired
in opposite viewing directions at incomplete (December 21 and 22, 2005) and closed (January 23 and 24, 2006) soybean canopies. Non-filled and

filled symbols indicate the forward scattering and backscattering view directions, respectively.
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Figure 5 — The NDVI variation for different soybean varieties for two pairs of images acquired in opposite viewing directions at incomplete
(December 21 and 22, 2005; non-filled symbols) and closed (January 23 and 24, 2006; filled symbols) soybean canopies.

showed that the NDVI was lesser affected by
directional effects than the other indices. The NDVI
presented median Z values closer to zero than the
NDWl¢49, NDWI,159 and EVI (Table 1V). These
three indices displayed the largest statistically

An Acad Bras Cienc (2012) 84 (2)

significant differences when calculated from an
opposite viewing direction and fixed phenological
stages. The results (not shown) for pairs of images
in the 2004-2005 growing season were similar to
those of Table IV.
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TABLE

271

IV

Wilcoxon Signed Rank Test coefficients for the differences between vegetation indices calculated at approximately
similar soybean phenological stages and with opposite viewing geometries in the forward scattering (December 21,
2005; +58° view angle) and backscattering (December 22, 2005; -41° view angle) directions.

Forward Wilcoxon Signed Ranks Test results*
Scattering . ) .
versus h Min. Median Max. VA Median Mean D

backscattering = - = S.D. & & S.D.

NDVI 72 -6.460 -4319 -1.094 0.737 <0.000 0.001 0.010

EVI 72 6.701 7.273 7.376 0.098 <0.000 <0.000 <0.000

NDWI {40 72 -7.376 -6.847 -5.511 0.333 <0.000 <0.000 <0.000

NDWIy 20 72 -7.376 -7.333 -7.066 0.057 <0.000 <0.000 <0.000

* After bootstrapping resampling with 1000 interactions.

Angular normalization of the vegetation
indices calculated in consecutive days and in
opposite viewing directions confirmed results of
the Wilcoxon Signed Rank Test (Figure 6). The
NDVI had average normalized values closer to
zero and, thus, was lesser sensitive to directional
effects than the EVI, NDWI, 440 and NDWI, 5. For
the four studied vegetation indices, the sensitivity
decreased from incomplete (December 21 and 22,
2005) to closed (January 23 and 24, 2006) soybean
canopies, which was again in agreement with the

00—
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3 o |
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: o NDVI | - -EVI
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Figure 6 — Angular normalization (average values) of the four studied
vegetation indices calculated in consecutive days and in opposite
viewing directions at incomplete (December 21 and 22, 2005) and closed
(January 23 and 24, 2006) soybean canopies. FW and BW indicate the
Forward scattering and Backscattering directions, respectively.

field experiment results obtained by Epiphanio and
Huete (1995) and Walter-Shea et al. (1997). In the
2004-2005 growing season, a careful inspection of
the angular normalized indices on a per pixel basis
showed the predominance of the NDVI as the less
sensitive index to directional effects for 77% and
98% of the pixels for incomplete (December 6
and 8, 2004) and closed (February 5 and 6, 2005)
soybean canopies, respectively (Figure 7a). In the
2005-2006 growing season, the NDVI was the
less sensitive index for 79% (incomplete canopies;
December 21 and 22, 2005) and 100% (closed
canopies; January 23 and 24, 2006) of the pixels
(Figure 7b).

CONCLUSION

Variation in MODIS reflectance between conse-
cutive phenological stages was generally smaller
than that resultant from viewing geometry for closed
canopies (e.g., Perdiz). The contrary was observed
for incomplete canopies (e.g., Monsoy 9010).
Reflectance differences up to 4% (phenological
stage) and up to 20% (viewing geometry) were
observed for the soybean cultivar Perdiz in the
MODIS NIR band (841-876 nm). Such differences
changed to 25% due to phenology and to 15% due
to viewing geometry for the cultivar Monsoy 9010.
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In spite of the soybean development stage, the
reflectance of the first seven MODIS bands was
higher in the backscattering due to the predominance
of sunlit canopy components for the MODIS.
However, except for the EVI, vegetation indices
such as the NDVI and NDWIs had larger values
in the forward scattering direction. Directional
effects were reduced after the vegetation index
determination, but they were still significant. Such
effects decreased with canopy closure. The NDVI
was lesser affected by directional effects than
the EVI, NDWI, ¢4 and NDWI, 5. The NDVI
presented the smallest differences between the
backscattering and forward scattering directions for
fixed phenological stages.

Due to cloud cover and the difficulty of using
the MODIS Main Algorithm to estimate soybean
biophysical attributes such as LAI, results suggested
that the NDVI was the best option to empirically
obtain such estimates because it was lesser sensible
to viewing geometry than the other studied indices.
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RESUMO

Efeitos direcionais introduzem variabilidade na
reflectancia ¢ na determinagdo de indices de vegetacao,
especialmente quando sensores de amplo campo de
visada sdo usados (p.ex., Moderate Resolution Imaging
MODIS). Neste estudo, nos

avaliamos os efeitos direcionais sobre a reflectancia e

Spectroradiometer -

quatro indices de vegetacdo (Normalized Difference
Vegetation Index - NDVI; Enhanced Vegetation Index
- EVI; Normalized Difference Water Index - NDWI 40
e NDWI,;yq), calculados a partir de dados MODIS,
em fun¢do do crescimento da soja em duas estacdes
agricolas (2004-2005 e 2005-2006). Para manter o
estadio reprodutivo de uma dada variedade como um
fator constante, variando a geometria de visada, pares
de imagens obtidas em datas proximas e com angulos de
visada opostos foram analisados. Usando uma abordagem
estatistica ndo-paramétrica com analise bootstrapping e
normalizando os indices para suas diferengas angulares
entre as diregdes de visada, sua sensibilidade para os
efeitos direcionais foi estudada. Os resultados mostraram
que a variagdo da reflectancia do MODIS entre estadios
fenoldgicos consecutivos foi geralmente menor do que
aquelas resultantes da geometria de visada para dosséis
fechados. O contrario foi observado para dosséis esparsos.
A reflectancia das primeiras sete bandas do MODIS foi
maior na direcdo de retro-espalhamento. Exceto o EVI,
os demais indices de vegetagdo tiveram maiores valores
na direcdo de espalhamento frontal. Os efeitos direcionais
diminuiram com o fechamento do dossel. O NDVI foi
menos afetado pelos efeitos direcionais do que os demais
indices, apresentando as menores diferengas entre as

diregdes de visada para os mesmos estadios fenologicos.

Palavras-chave: NDWI, EVI, NDVI, sensoriamento

remoto, efeitos direcionais.
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