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Recent  studies  in Amazonian  tropical  evergreen  forests  using  the Multi-angle  Imaging  SpectroRadiometer
(MISR)  and  the  Moderate  Resolution  Imaging  Spectroradiometer  (MODIS)  have  highlighted  the  impor-
tance  of  considering  the  view-illumination  geometry  in satellite  data  analysis.  However,  contrary  to  the
observed  for  evergreen  forests,  bidirectional  effects  have  not  been  evaluated  in Brazilian  subtropical
deciduous  forests.  In  this  study,  we  used  MISR  data  to characterize  the  reflectance  and  vegetation  index
anisotropies  in  subtropical  deciduous  forest  from  south  Brazil  under  large  seasonal  solar  zenith  angle
(SZA)  variation  and decreasing  leaf area  index  (LAI)  from  the  summer  to  winter.  MODIS  data  were  used
to observe  seasonal  changes  in  the  normalized  difference  vegetation  index  (NDVI)  and  enhanced  vege-
tation  index  (EVI).  Topographic  effects  on  their  determination  were  inspected  by  dividing  data  from  the
summer  to winter  and  projecting  results  over  a digital  elevation  model  (DEM).  By using the PROSAIL,
we  investigated  the relative  contribution  of LAI  and  SZA  to vegetation  indices  (VI)  of  deciduous  forest.
We  also  simulated  and  compared  the  MISR  NDVI and  EVI response  of  subtropical  deciduous  and  tropi-
cal  evergreen  forests  as  a function  of the  large  seasonal  SZA  amplitude  of 33◦.  Results  showed  that  the
MODIS-MISR  NDVI  and  EVI  presented  higher  values  in the  summer  and  lower  ones  in  the  winter  with
decreasing  LAI  and  increasing  SZA  or greater  amounts  of  canopy  shadows  viewed  by  the  sensors.  In  the
winter, NDVI  reduced  local  topographic  effects  due  to  the  red-near  infrared  (NIR)  band  normalization.
However,  the  contrary  was  observed  for the  three-band  EVI  that  enhanced  local  variations  in shaded  and
sunlit  surfaces  due  to its  strong  dependence  on the NIR  band  response.  The  reflectance  anisotropy  of  the
MISR  bands  increased  from  the  summer  to winter  and  was  stronger  in  the  backscattering  direction  at
large view  zenith  angles  (VZA).  EVI  was  much  more  anisotropic  than  NDVI  and  the  anisotropy  increased
from  the summer  to winter.  It also  increased  from  the  forward  scatter  to  the  backscattering  direction
with  the  predominance  of sunlit  canopy  components  viewed  by  MISR,  especially  at  large  VZA.  Modeling

PROSAIL  results  confirmed  the stronger  anisotropy  of EVI  than  NDVI  for  the  subtropical  deciduous  and
tropical  evergreen  forests.  PROSAIL  showed  that LAI  and  SZA  are  coupled  factors  to  decrease  seasonally
the  VIs  of deciduous  forest  with  the  first  one  having  greater  importance  than  the  latter.  However,  PROSAIL
seasonal  variations  in  VIs  were  much  smaller  than  those  observed  with  MODIS  data  probably  because
the  effects  of shadows  in  heterogeneous  canopy  structures  or/and  cast  by emergent  trees  and  from  local
topography  were  not  modeled.

©  2014  Elsevier  B.V.  All  rights  reserved.
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ttp://dx.doi.org/10.1016/j.jag.2014.09.017
303-2434/© 2014 Elsevier B.V. All rights reserved.
).



arth O

I

d
a
t
(
i
r
o
t
a
e
t
v
e
2

b
t
o
r
n
w
w
d
q
s
a
q
d

w
d
t
g
t
a
n
2
s
t
w
s
S

i
s
s
H
t
t
t
t
o
m
s
t
e
o
l
f
t

i
v

F.M. Breunig et al. / International Journal of Applied E

ntroduction

Recent studies in Amazonian tropical evergreen forests have
emonstrated the importance of considering the geometry of data
cquisition and correcting for bidirectional effects when analyzing
ime series of the Moderate Resolution Imaging Spectroradiometer
MODIS)/Terra (Galvão et al., 2011; Morton et al., 2014). View-
llumination geometry contributes to explain controversial findings
eported in the literature on the dry season and drought sensitivity
f tropical forests from the use of the MODIS enhanced vegeta-
ion index (EVI) (e.g. Huete et al., 2006; Saleska et al., 2007; Asner
nd Alencar, 2010; Samanta et al., 2010; Atkinson et al., 2011; Xu
t al., 2011). Even choosing the MODIS 16-day composite product
o reduce the atmospheric and angular influences, directional and
iew angle effects are still significant because they impact differ-
ntly on VIs (Verrelst et al., 2008; Sims et al., 2011; Breunig et al.,
011; Galvão et al., 2013).

The anisotropic behavior of Amazonian evergreen forests has
een also studied with the Multi-angle Imaging SpectroRadiome-
er (MISR)/Terra (Moura et al., 2012). MISR provides a unique
pportunity to characterize the angular and directional spectral
esponse of vegetation in four bands (visible and near infrared),
ine view angles and two view directions (backscattering and for-
ard scattering) (Diner et al., 1998). Differently from MODIS, in
hich the selected pixels in the composite products come from
ifferent dates, view angles and view directions, MISR acquires
uasi-simultaneous along-track multi-angular data with 1.1-km
patial resolution. Thus, this instrument is adequate to study the
ngular behavior over different vegetation types of the most fre-
uently used VIs like the EVI (Huete et al., 2002) and the normalized
ifference vegetation index (NDVI) (Rouse et al., 1973).

Contrary to the observed for evergreen forests, MODIS and MISR
ere not used to study the anisotropy of Brazilian subtropical
eciduous forests, which comprise a very distinct scenario from
he Amazon in several aspects. For example, in Amazonian ever-
reen forests, nadir-viewing MODIS and MISR EVI increases from
he beginning to end of the dry season with decreasing solar zenith
ngle (SZA) due to the strong dependence of this index to the
ear infrared (NIR) reflectance (Galvão et al., 2011; Moura et al.,
012). The reduced amounts of canopy shadows viewed by the
ensor toward the end of the dry season produce an increase in
he NIR reflectance as well as in the EVI, which is not associated
ith canopy photosynthetic activity. Such effect is stronger in tran-

itional forests from south Amazon because of the large seasonal
ZA amplitude (close to 18◦) observed with increasing latitudes.

By contrast, in Brazilian subtropical deciduous forests located
n south Brazil at middle latitudes, there are two  well-defined
easons defined by temperature instead of precipitation. The sea-
onal SZA amplitude is much larger (>30◦) than in the Amazon.
owever, the solar illumination effect is coupled with that from

he decreasing LAI from the summer (December–March) to win-
er (June–September). Furthermore, as the Sun angle changes with
he seasons, it can be anticipated that the phenological response of
he deciduous forest will be affected in some extent by the amount
f shadows cast in the canopies and by the local topography that
odifies the amount of incoming solar radiation and the reflected

olar radiation to the satellite (Song and Woodcock, 2003). In rough
errains, topographic effects affect differently the VIs (Matsushita
t al., 2007). Their detection depends also on the spatial resolution
f the sensors to hidden (pixel aggregation from low spatial reso-
ution) or highlight (high spatial resolution) changes in orientation

rom horizontal to inclined surfaces and the associated modifica-
ions in the amounts of energy reflected toward the sensors.

Thus, subtropical deciduous forests of south Brazil comprise an
nteresting case study. They may  improve the knowledge on the
iew-illumination influence on vegetation indices (VIs) calculated
bservation and Geoinformation 35 (2015) 294–304 295

in other regions like the Amazon using large field-of-view (FOV) or
multi-angular instruments. Investigation of the spectral anisotropy
of this type of forest may  contribute for a better comprehension
of the bidirectional effects on VIs determination in other environ-
ments.

In this study, we  use MISR data to characterize the anisotropy of
the reflectance and vegetation indices (NDVI and EVI) in subtrop-
ical deciduous forest from the Brazilian Parque Estadual do Turvo
(PET) under large seasonal SZA variation and with decreasing LAI
from the summer to winter. MODIS data are analyzed to detect
seasonal changes in VIs and LAI and inspect topographic effects
on their determination. Field/laboratory measures of chlorophyll
and MODIS LAI estimates are used as inputs for PROSAIL radiative
transfer modeling (Jacquemoud et al., 2009). The objective was to
simulate the NDVI and EVI response of deciduous and evergreen
forests, as a function of the large seasonal amplitude of SZA, and
to analyze the relative contribution of LAI and SZA to the seasonal
decrease of VIs.

Study area

Created in 1947, the Parque Estadual do Turvo (PET) is located in
the Brazilian state of Rio Grande do Sul and has one of the largest
fragments of subtropical deciduous forest from south Brazil (Fig. 1).
The PET is mainly composed of mature forest with a few occur-
rences of very small areas of secondary forests in the southwestern
limit of the park and close to the Uruguay River due to old human-
induced activities (Guadagnin, 1994; Ruschel et al., 2007). With
17,491 hectares, the PET is an extension of the Forest of Misiones in
Argentina (10,000 km2) having high biodiversity (Brack et al., 1985;
SEMA, 2005; Guadagnin, 1994; Leite, 2002; Bulfe, 2008).

According to the Köppen classification, the climate is humid
subtropical (Cfa). Monthly accumulated precipitation, averaged
between 2000 and 2012, is regularly distributed across months
without a well-defined dry season, as indicated by data obtained
from the closest rain gauge from the park in the municipality of
Iraí (Fig. 2). On the other hand, there are two seasons defined
by temperature with the first one (higher temperatures) from
November to March and the other (lower temperatures) from May
to September (Rosa et al., 2013). Measurements showed the highest
mean temperature (2000–2012) in January (25 ◦C) and the lowest
one in July (13 ◦C) (Fig. 2). The accumulated annual rainfall generally
reaches 1600 mm (SEMA, 2005). The variation in altitude ranges
from 100 to 450 m with an average value of 300 m,  as also illustrated
by the Advanced Spaceborne Thermal Emission and Reflection
Radiometer – Global Digital Elevation Map  (ASTER–GDEM) (Fig. 1).
The topography is gently undulated in the highest portions of the
park with high slopes (rough terrains) in the lowest portions near
the major rivers.

The predominant vegetation type is seasonal deciduous forest
and is part of the Atlantic Forest biome (IBGE, 2012). In the absence
of a well-defined dry season, more than 50% of the upper stratum
species lost their leaves in some extent in the winter. It occurs due to
the low temperatures in the winter that difficulty water absorption
by the roots producing a hydric deficit even with the availability of
water in the soil horizons (Veloso et al., 1991; Franco, 2008). Some
trees may  be partially or completely involved by lianas. Previous
floristic inventories reported in the literature have shown dozens
of families and species in the PET (Brack et al., 1985; Dias et al.,
1992; Vasconcelos et al., 1992). In September 2013, our floristic

survey in eastern PET (14 sample plots of 20 m × 50 m),  over trees
with diameter at the breast height (DBH) greater than 10 cm,  iden-
tified 31 botanical families, 65 genera and 74 species. The following
species with the highest importance value index were identified:
Syagrus romanzoffian (Cham.), Nectandra megapotamica (Spreng.),
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ig. 1. Location of the Parque Estadual do Turvo (PET) in south Brazil (yellow poly
perational Land Imager (OLI)/Landsat-8 false color composite (July 22, 2013) inc
levation model (DEM) is shown at the right side of the figure. (For interpretation o
his  article.)

onchocarpus muehlbergianus (Hassl.) and Sebastiania commersoni-
na (Baill.). These species are commonly found in the deciduous
orests from other sites in south Brazil (Vaccaro et al., 1999; Dias
t al., 1992; Hack et al., 2005; SEMA, 2005). Results from our floris-
ic inventory were consistent with an extensive survey in the PET
arried out by Ruschel et al. (2007, 2005), who reported 37 families
nd 78 species. Our Shannon–Weaver diversity index (H) of 3.58
nd Pielou’s species evenness of 0.83 were very close to the val-
es reported by Ruschel et al. (2007). Our absolute density value of
81 trees/ha was lower than the one obtained by Dias et al. (1992)
nd Vasconcelos et al. (1992) (546 trees/ha).

The forest structure of the PET has an emergent upper stratum
ormed by deciduous trees with more than 20 m of height, an
ntermediate stratum mainly composed of evergreen species, and

 lower stratum having young and low height trees (IBGE, 2012;
asconcelos et al., 1992; Baptista and Leal-Zanchet, 2010). Our
easured trees presented average height of 11.53 ± 8.47 m with
7% of them having less than 10 m,  43% between 10 and 20 m,  and
0% showing more than 20 m of height (emergent trees).

To the best of our knowledge, there are no studies of the dynam-
cs of litterfall and ground litter accumulation in the PET. However,
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ig. 2. Monthly accumulated precipitation and temperature, averaged between
000 and 2012, obtained from the closest gauge station to the PET. Standard devia-
ion bars are shown.
 The deciduous forest is an extension of the Forest of Misiones in Argentina. The
the bands 4, 5 and 3 in red, green and blue colors, respectively. The ASTER digital
eferences to color in this figure legend, the reader is referred to the web version of

when studying a nearby subtropical forest, Brun et al. (2011)
showed that the greatest litter deposition occurred in the beginning
of spring with the temperature increase and exchange of leaves for
many species. According to Ruschel et al. (2007), emergent trees
shed their leaves in the PET in the winter. We  used a digital Nikon
camera with a 180◦ fisheye lens (Sigma EX DG 8 mm)  in the PET
to take hemispherical photographs at 20-m intervals over the 14
sample plots. We  estimated canopy closure and plant area index
(PAI) in the summer (March) and end of winter (early September)
of 2013. Average PAI values ranged from 3.06 (summer) to 2.75
(winter), and canopy closure from 73% to 64%. However, the great
variability in gap fractions along transects indicated the need of
data collection in more sample plots and seasons before scaling up
the results into the satellites.

Methodology

MISR data acquisition over the study area

The study area was selected because it contains preserved sub-
tropical deciduous forest that extends into the Argentina (Fig. 1).
Due to the large seasonal variation in SZA and the LAI decrease from
the summer to winter, the PET is potentially a very interesting case
study for multi-angular investigation of the spectral anisotropy of
vegetation.

MISR acquires along-track images in nine pushbroom cameras
with the following view zenith angles (VZA): 70.5◦, 60.0◦, 45.6◦ and
26.1◦ forward (cameras Af, Bf, Cf and Df) and afterward (cameras
Aa, Ba, Ca and Da), and one nadir camera (camera An, 0◦) (Diner
et al., 1998). The instrument acquires data in four radiometrically
calibrated, geo-rectified and spatially co-registered spectral bands:
blue (425–467 nm), green (543–573 nm), red (661–683 nm) and
NIR (846–886 nm).

From 50 MISR images available for the study area in the

2000–2012 period, we selected eight from the year with the
greatest number of scenes (2005; Table 1). From the Atmospheric
Sciences Data Center, we used the latest Collection F07-0022 of
the MISR Level 2 MIL2ASLS Land Surface Product. The product
includes BRF data at 1.1-km spatial resolution and 16-day temporal
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Table  1
MISR date acquisition in 2005 and associated variations in solar zenith (SZA) and
azimuth (SAA) angles. The number of high quality pixels retrieved per date from
the MIL2ASLS Product is indicated. From summer (December–March) to winter
(June–September), the SZA amplitude reached 33◦ .

MISR date acquisition Solar zenith
angle (SZA)

Solar azimuth
angle (SAA)

Number of high
quality pixels

January 18 28◦ 72◦ 44
February 3 30◦ 62◦ 44
February 19 33◦ 52◦ 44
March 7 35◦ 42◦ 11
July 13 56◦ 20◦ 33
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July 29 54◦ 22◦ 44
November 2 24◦ 44◦ 11
December 5 23◦ 74◦ 11

esolution as well as information on land quality assurance of pixel
etrievals (Diner et al., 2008). The datasets were geometrically
orrected by processing the MIANCAGP Ancillary Geographic Prod-
ct that allowed data conversion into the Universal Transverse
ercator projection (WGS-84 datum). The product MIB2GEOP

rovided information on the MISR geometry of data acquisition,
ncluding SZA at 17.6-km spatial resolution. The geometry for 2005
s illustrated in Fig. 3. Negative and positive view angles indicate
ackscattering and forward scattering directions, respectively.
mages from July were obtained closer to the principal plane that
ontains the cameras. The SZA ranged from 23◦ (December 5, 2005)
o 56◦ (July 13, 2005), thus, under a large seasonal amplitude of
3◦ (Table 1; Fig. 3).

ncillary MODIS products

Two Collection 5 MODIS products (2000–2012) to support
ISR data analysis were used: MOD13Q1 (MODIS/Terra Vegeta-

ion Indices 16-Day L3 Global 250-m SIN Grid V005) and MOD15A2

MODIS/Terra Leaf Area Index/FPAR 8-Day L4 Global 1 km SIN Grid
005). A total of 286 and 65 pixels per date were selected from

he MOD13Q1 and MOD15A2 products, respectively. They were
btained from the Land Processes Distributed Active Archive Cen-
er (LPDAAC). The MODIS Reprojection Tool (MRT) (Dwyer and
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Fig. 4. MODIS EVI and NDVI, averaged per month (n = 286 pixels) between 2000 and
2012, for the subtropical deciduous forest of the Parque Estadual do Turvo (PET). The
monthly temperature, averaged in the same period using the closest gauge station of
the PET, is also shown. The green-up period is indicated for both vegetation indices.

Schmidt, 2006) was used to convert Sinusoidal coordinates into
planar projection (UTM WGS-84).

The MOD13Q1 is a 16-day composite product that includes 250-
m 16-day blue, red and near infrared (NIR) reflectance, EVI and
NDVI as well as information on view and solar zenith angles and
pixel reliability on per pixel basis. In order to match the spatial
resolution of the red and NIR MODIS bands, the original 500-m
spatial resolution of the blue band is resampled to 250 m before the
EVI computation. MODIS NDVI (Rouse et al., 1973) and EVI (Huete
et al., 2002) were determined using Eqs. (1) and (2):

NDVI = (�NIR − �red)
(�NIR + �red)

(1)

EVI = G · (�NIR − �red)
(�NIR + C1 × �red − C2 × �blue + L)

(2)

where G (2.5) is a scaling factor; � is the atmospherically corrected
surface reflectance of the MODIS blue, red and NIR bands; L (1.0) is
the canopy background adjustment for correcting nonlinear, differ-
ential NIR and red radiative transfer through a canopy; C1 (6.0) and
C2 (7.5) are the coefficients of the aerosol resistance term (Solano
et al., 2010).

The MOD15A2 is an 8-day composite product with 1-km pixel
size. LAI estimates are generally performed with the 3D radia-
tive transfer main algorithm that uses look-up tables (LUT), an
eight-biome land cover map  (MOD12Q1 product), Sun and view
directions, and the reflectance from the red and NIR bands (Myneni
et al., 2002; Tan et al., 2005). When the main algorithm does not
have sufficient quality input data to perform the radiative trans-
fer calculations for a given pixel, which generally occurs in the
cloudy rainy season of tropical regions, the Backup Algorithm is
used (Yang et al., 2006). It is based on pre-defined empirical rela-
tionships between the NDVI and LAI for each one of the biomes
(Knyazikhin et al., 1999; Breunig et al., 2011).

Data analysis

Data analysis was  performed in three steps. In the first step, the

MOD13Q1 product was  used to assess the phenological variability
of the deciduous forest of the PET at 16-day intervals. For the
entire park, we averaged the EVI and NDVI per month between
2000 and 2012 using solely the “Good” quality pixel retrievals
(code zero in the MODIS Pixel Reliability dataset). Furthermore,
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Fig. 6. Variations for pairs of MODIS images from the summer (February 19, 2005) and 

respectively. In (e) and (f), the results of summer/winter ratio of VIs were projected over
on  vegetation indices. (For interpretation of the references to color in the citation to this 
bservation and Geoinformation 35 (2015) 294–304

seasonal variations in LAI and SZA in 2005 were analyzed using
the MOD15A2 product. In order to ensure confidence in MODIS LAI
data analysis, only high quality pixels (pixel reliability ancillary
product) and LAI retrievals from the main algorithm were used.
To analyze the sensitivity of the VIs to the large seasonal SZA
amplitude observed in the study area, pairs of MODIS NDVI and
EVI images from the summer and winter were obtained. For each
VI, the results of the summer/winter ratio were projected over the
ASTER DEM, and we  compared the results to each other to observe
topographic effects (sunlit and shaded surfaces).

In the second step of data analysis, we studied the reflectance
and VI anisotropy with decreasing LAI and increasing SZA from the
summer to winter. 50 pixels were selected randomly over the MISR
PET images using an automated procedure further screened to only
include pixels with high quality land surface retrievals (zero code in

the MISR Land Quality Assurance dataset from the MIL2ASLS prod-
uct). As a result, although pixel location was kept constant between
months in 2005, the number of valid pixels per date changed over
time to ensure confidence in data analysis (last column of Table 1).

winter (July 29, 2005) are shown for NDVI in (a) and (c) and for EVI in (b) and (d),
 the ASTER digital elevation model (DEM) to illustrate distinct topographic effects
figure, the reader is referred to the web version of this article.)
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f  pixels per date was 44.

esides analyzing the reflectance spectra representative of the sub-
ropical deciduous forest as a function of the view angles and view
irections of the MISR cameras, we calculated the anisotropy factor
ANIF) (Sandmeier et al., 1998). As deduced from Eq. (3), the ANIF
orresponds to nadir normalization of the data, which is a simple
rocedure to characterize the relative magnitude of the anisotropy
ver the different MISR bands:

NIF(�, �i, ϕi, �r, ϕr) = Rx(�, �i, ϕi, �r, ϕr)
R0(�, �i, ϕi, �r, ϕr)

(3)

here R0 is the reflectance factor acquired at nadir viewing; Rx

s the reflectance in a specific band at an off-nadir angle; � is the
avelength; �i and ϕi are the SZA and SSA; and �r and ϕr are the

iew zenith (VZA) and view azimuth (VAA) angles, respectively.
The magnitude of the directional and view angle effects on MISR

VI and NDVI determination were also studied from the summer to
inter. In the transition between these seasons, the SZA increases,

he LAI decreases, the amount of shadows cast in the canopies
ncreases for the sensor, and the local topographic effects are more
vident. For EVI determination, we used the same coefficients and
actors from Eq. (2). To analyze the sensitivity of NDVI and EVI for
olar illumination effects on the vegetation of the PET, we used the
adir MISR camera to isolate the influence of view angle and view
irection on VIs determination and plotted the indices as a function
f SZA of the eight dates of MISR image acquisition (Table 1).
To verify the consistency of the MISR nadir viewing NDVI and
VI results with changes in SZA and LAI, the last step in data
nalysis was to use the PROSAIL. By combining the PROSPECT
eaf radiative transfer model (Jacquemoud and Baret, 1990) with
bservation and Geoinformation 35 (2015) 294–304 299

the canopy Scattering by Arbitrarily Inclined Leaves (SAIL) model
(Verhoef, 1984), the PROSAIL (Jacquemoud et al., 2009) allows to
simulate different geometries of data acquisition for anisotropy
studies. It has been used to design and evaluate some VIs (e.g.,
Le Maire et al., 2008). One of the main forest applications of
PROSAIL is its inversion to retrieve canopy biophysical variables
(e.g., LAI) using airborne or spaceborne instruments, as reviewed
by Jacquemoud et al. (2009) and Huemmrich (2013).

Here, we used this model to simulate the NDVI and EVI response
of the subtropical deciduous forest of the study area as a function
of SZA associated with the MISR eight dates in 2005 (Table 1). For
VI determination, we  used the nominal spectral intervals of the
blue, red and NIR MISR bands. In the PROSAIL model, MODIS LAI
estimates for close MISR dates in 2005 served as inputs for the sim-
ulation. VZA was  kept constant at nadir viewing and the average
leaf angle distribution (LAD) was  set up to 30◦. By using a sling-
shot, we  collected dozens of leaves from the top of the canopies of
the species having high value of importance index. To define the
chlorophyll a + b contents in the PROSAIL model, we used a chloro-
phyll meter in field (ClorofiLOG 1030) (Falker Automaç ão Agrícola
and Ltda, 2013) and a spectrophotometer in laboratory. The pro-
cedure adopted for the chlorophyll determination in laboratory
was described by Lichtenthaler and Buschmann (2001). After the
determination, we used a fixed mean value of 15.4 �g cm−2 to rep-
resent the average chlorophyll a + b content of the deciduous forest
of the PET (data collected in March). The standard deviation from
the mean was  relatively high (12 �g cm−2). Considering the upper
limit (27.4 �g cm−2), the measured chlorophyll content was  gener-
ally consistent with values reported for other forest types by other
researchers (Gond et al., 1999; Zhang et al., 2008).

In addition, to serve as reference of comparison, we  also sim-
ulated the NDVI and EVI MISR nadir-viewing response of tropical
evergreen forests using the same SZA variations described before,
a fixed LAI of 6.5 and a chlorophyll a + b content of 40 �g cm−2. This
chlorophyll content is close to the average value reported by Cao
(2000) for Bornean tropical species and by Souza and Valio (2003)
for Brazilian tropical trees.

In order to verify the relative contribution of LAI and SZA on
MISR NDVI and EVI determination from PROSAIL, we used input
MOD15A2 LAI values from the summer and winter subsets obtained
in the corresponding MISR dates. Data were first simulated in PRO-
SAIL at nadir and with SZA fixed at 30◦. Then, we  kept the LAI
constant (5.0), while varied the SZA between 23◦ and 56◦.

Results and discussion

Seasonal variations in MODIS vegetation indices, LAI and SZA

NDVI and EVI, averaged per month in the 2000–2012 period,
were higher in the summer (e.g. NDVI of 0.89 ± 0.01 and EVI of
0.51 ± 0.04 in February) and lower in the winter (e.g. NDVI of
0.85 ± 0.02 and EVI of 0.40 ± 0.06 in July), as expected for subtrop-
ical deciduous forest (Fig. 4). The maximum seasonal amplitude
reached 0.05 for NDVI and 0.18 for EVI and MODIS LAI decreased
toward the winter of 2005 from 6.05 ± 0.78 to 4.43 ± 1.15 (Fig. 5).
Even using high quality pixels and LAI retrievals from the main
algorithm, the uncertainties of estimates were greater in the win-
ter than in the summer, as deduced from the stronger LAI variability
observed in the shaded portion of Fig. 5. The SZA reached an intra-
annual amplitude of 33◦ (Fig. 5). As a result, greater amounts of
gent trees of the Fabaceae, Euphorbiaceae and Meliaceae families
(Ruschel et al., 2007), were captured by MODIS as the season pro-
gressed from the summer to winter. Thus, both coupled factors
(seasonal LAI decrease and SZA increase in Fig. 5) contributed to
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ig. 8. Seasonal variations in the anisotropy factor (ANIF) as a function of the view 

nd  positive angles, respectively) for the MISR bands (a) blue; (b) green; (c) red; an
nd  July 29 of 2005, respectively.

ODIS NDVI and EVI reduction in the winter dates but their effects
ere different over each index.

When compared to MODIS NDVI, EVI showed earlier green-up
ates in spring probably because of its greater sensitivity to cou-
led solar illumination effects and LAI modifications from changes

n temperature (Fig. 4). EVI is generally more correlated with the
hade fraction from spectral mixture models than NDVI (Galvão
t al., 2011; Anderson et al., 2011).

Seasonal and local illumination effects impacted differently on
DVI and EVI in the PET. In spite of the MODIS 250-m pixel size

hat might aggregate local topographic effects, these effects were
till observed in pairs of NDVI (Fig. 6a and c) and EVI (Fig. 6b
nd d) images from the summer and winter. After analyzing sum-
er/winter ratio of VIs and projecting results over the ASTER DEM,
e observed that the NDVI reduced topographic effects due to the

ed-NIR band normalization (Fig. 6e). By contrast, the three-band
VI enhanced the local variations in shaded and sunlit surfaces

ue to the non-normalization of the bands or, likely, to its strong
ependence on the NIR band response (Fig. 6f). While the NDVI of
eciduous forests over shaded surfaces (blue color in Fig. 6e) var-

ed less than 10% seasonally, EVI variation exceeded 40% (red color
n Fig. 6f). In the winter, EVI differences between sunlit and nearby
 angle (VZA) and view direction (backscattering and forward scattering at negative
ear infrared (NIR). Summer and winter MISR images were acquired in February 19

shaded surfaces having the same vegetation type were greater than
10%.

Results of Fig. 6 are in agreement with those obtained by Galvão
et al. (2011), who  observed EVI increases with decreasing SZA and
reduced amounts of shadows in evergreen forests due to the strong
NIR reflectance dependence of this VI. They also agree with the
study by Matsushita et al. (2007), who demonstrated that the EVI
is much more sensitive to topographic effects than is the NDVI.

MISR reflectance and vegetation index anisotropies with
decreasing LAI and increasing SZA

The seasonal anisotropy of the reflectance was  inspected in
detail using multi-angular and multi-directional MISR data from
a pair of dates from the summer (February 19) and winter (July 29)
of 2005 (Fig. 7). In the summer, the spectra acquired at off-nadir
viewing presented clear visual differences for the green and NIR

bands (Fig. 7a). Those differences became stronger in the winter due
to the species litterfall and SZA increase (Fig. 7b). Thus, the aver-
age reflectance of the subtropical deciduous forest of the PET was
much more anisotropic in the winter (Fig. 7b) than in the summer
(Fig. 7a), as indicated by the larger reflectance differences observed



F.M. Breunig et al. / International Journal of Applied Earth Observation and Geoinformation 35 (2015) 294–304 301

20 30 40 50 60
0.4

0.5

0.6

0.7

0.8

0.9

1.0

D
ec

. 5
N

ov
. 2

Fe
b.

 3
Fe

b.
 1

9

M
ar

. 7

Ju
ly

 1
9

Ju
ly

 1
3

M
IS

R
 V

eg
et

at
io

n 
In

di
ce

s

Solar Zenith Angle (°)

NDVI
EVI

Winter

F
z
w

i
r
t
s
a
b
t
b
b

i
s
T
a
r
t
s
a
i
a
m
(
l

e
t
o
s
d
a
t
E
o
o
w
c
e
d
r

p
v
(
w
m
f
i

-40 -20 0 20 40
0.6

0.8

1.0

1.2

1.4

1.6
Summ er
WinterI

V
D

N
dezila

mro
N-rida

N
RSI

M

View Zenith  Angle (°)

-40 -20 0 20 40
0.6

0.8

1.0

1.2

1.4

1.6

I
V

E
dezila

mro
N-rida

N
RSI

M

View Zenith  Angle (°)

(a)

(b)

Fig. 10. MISR nadir-normalized (a) NDVI and (b) EVI of the deciduous forest of the

PROSAIL simulation
ig. 9. Variation in MISR NDVI and EVI of the deciduous forest with changes in solar
enith angle (SZA) for the eight dates of image acquisition in 2005 (see Table 1). The
inter is indicated by the shaded portion of the figure.

n Fig. 7b over view angle and view direction. On each season, the
eflectance increased from the forward scattering (positive VZA) to
he backscattering (negative VZA) because of the predominance of
unlit canopy components for the sensor. Across seasons and for

 given VZA and view direction, the reflectance of the four MISR
ands was generally lower in the winter than in the summer due
o the LAI decrease and to the increase in canopy shadows sensed
y MISR at larger SZA (Fig. 5), except for the −45.6◦ VZA in the
ackscattering direction.

ANIF results confirmed the greater anisotropy of the reflectance
n the winter than in the summer, which was significantly expres-
ive at extreme VZA in the backscattering (negative VZA in Fig. 8).
he two more anisotropic MISR bands were the green (Fig. 8b)
nd the red (Fig. 8c) ones. At −45.6◦ VZA, the nadir-normalized
eflectance increased from 13% (summer) to 111% (winter) for
he green band, and from 25% to 125% for the red band. When
tudying Brazilian savannas using MISR, Liesenberg et al. (2007)
lso observed a stronger anisotropy associated with the red band
n the backscattering direction and at large SZA. The highest
nisotropy under these conditions can be associated to the dry
atter (branches and leafs) of some dominant deciduous species

Ruschel et al., 2007) combined to an increase of shadows over the
ower canopy stratum.

By using the nadir-viewing MISR camera, we isolated the influ-
nce of view angle and view direction on VI determination. When
he NDVI and EVI were plotted as a function of SZA of the eight dates
f image acquisition (Table 1), they showed seasonal variations con-
istent with those obtained from better temporal resolution MODIS
ata (Figs. 4 and 9). Due to the coupled effects of decreasing LAI
nd increasing SZA from the summer to winter, both VIs decreased
oward July. However, the relationship with SZA was  stronger for
VI due to the NIR reflectance decrease produced by large amounts
f canopy shadows in the winter and by decrease of LAI. On the
ther hand, as discussed before for MODIS, from the summer to
inter, the local topographic effects were stronger. However, when

ompared to MODIS (250-m spatial resolution), the topographic
ffects observed in Fig. 6 for EVI were reduced in the MISR images
ue to the spatial pixel aggregation into the coarser 1.1-km spatial
esolution of this instrument (results not shown).

Our nadir-normalized results showed that both NDVI and EVI
resented significant differences in anisotropy depending on the
iew angle, view direction and on the season of data acquisition
Fig. 10). While NDVI showed a near isotropic behavior, the opposite

as observed for EVI. The EVI anisotropy increased from the sum-
er to winter with more canopy shadows viewed by the sensor;

rom forward scatter to backscattering direction with the predom-
nance of sunlit canopy components for MISR; and at large view
PET  as a function of the season of image acquisition (summer in February 19; winter
in  July 29 of 2005), view zenith angle (VZA) and view direction (backscattering and
forward scattering with negative and positive VZA, respectively). On each date, 44
pixels were used to obtain the average and standard deviation bars.

angles in the backscattering, as indicated by nadir-normalized val-
ues larger than 1 for negative VZA (Fig. 10). At the −46.5◦ VZA, EVI
was 4% higher in the summer and 44% higher in the winter when
compared to the nadir observation.

Previous investigations with crops have shown that anisotropic
effects decrease from sparse to closed canopies (e.g., Walter-Shea
et al., 1997; Epiphanio and Huete, 1995; Breunig et al., 2011). In
the seasonal deciduous forest of the PET, the decrease in LAI (litter-
fall) and the increase in SZA are both coupled factors to reduce the
VIs and to increase the anisotropy. Compared with the NDVI, the
anisotropy is, in fact, exaggerated by the EVI because its mathemat-
ical formulation does not normalize the response of the bands used
to calculate it to changes in the Sun-sensor geometry. According to
Matsushita et al. (2007), the problem can be associated with the soil
adjustment factor “L” in the EVI Eq. (2). The use of L values lower
than 1 can also reduce the EVI dependence to solar illumination
effects (Galvão et al., 2011).

Relative contribution of LAI and SZA on VIs determined from
For nadir viewing and fixed SZA of 30◦, PROSAIL-simulated MISR
VIs of deciduous forests showed that EVI was  much more sensitive
to LAI changes than NDVI (Fig. 11a). The seasonal variation (VIs of
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f  the PET and (b) seasonal evergreen tropical forest from south Amazon. In (a), L
orresponding MISR dates in the MOD15A2 product. The chlorophyll a + b content (
as  adopted and the selected chlorophyll a + b content was 40 �g cm−2. The shade

n  the evergreen forests.

he summer divided by the winter) was 3% for NDVI and 11% for
VI. When we fixed the LAI at 5.0 and changed the SZA, results
lso confirmed the greater sensitivity of EVI to illumination effects
Fig. 11b). However, when compared to the LAI factor (11%), the
ZA produced only 3% of seasonal variation in EVI. Such variations
ere much smaller (Fig. 11a and b) than that observed for MODIS
ata (Fig. 6e and f). The resultant differences may  be due to the

imitations of PROSAIL to model heterogeneous canopy structures
ith variable gap fractions (Jacquemoud et al., 2009; Huemmrich,

013). Furthermore, the effects of shadows cast by emergent trees
r from topography were not modeled.

From the PROSAIL simulation of the deciduous forest of the
tudy area at nadir viewing, MISR NDVI and EVI showed lower val-
es from the summer to winter with decreasing LAI and increasing
ZA (Fig. 12a). When we simulated tropical evergreen forests using

 fixed LAI of 6.5 across seasons, the dependence of EVI to solar
llumination effects was confirmed (Fig. 12b). Using the dry season
ZA amplitude, typical of the seasonal evergreen forests from south
mazon (shaded area in Fig. 12b), we observed an EVI increase from

he beginning to the end of the dry season with decreasing SZA.
When compared to NDVI, the greater sensitivity of EVI to solar
llumination effects was previously demonstrated by Galvão et al.
2011) and Moura et al. (2012) using Hyperion/EO-1, MODIS/Terra
nd MISR/Terra data. They showed that EVI is strongly dependent
n the NIR reflectance. According to Samanta et al. (2012), EVI is
ve times more sensitive to the NIR reflectance than NDVI. The
ues from the summer and winter, ranging from 6.5 to 4.8, were derived from the
g cm−2) was obtained from field/laboratory measurements. In (b), a fixed LAI of 6.5
ions of the figures represent the winter in the deciduous forest and the dry season

reflectance of the blue band is strongly sensitive to atmospheric
scattering at extreme viewing, but it has a much smaller influence
on EVI value than the NIR reflectance. For two crops contrasting
in leaf structures and canopy architectures (maize and soybean),
EVI was  found closely related to NIR reflectance with R2 above 0.84
(Peng et al., 2013). It was  especially pronounced for moderate to
high vegetation density (as EVI exceeded 0.4) when red reflectance
was small (below 4%) and almost invariant. EVI was solely related
to NIR that was above 30%. Thus, NIR reflectance was the main fac-
tor governing EVI for moderate to high vegetation density (Peng
et al., 2013). They concluded that in reality, EVI behaved as a differ-
ence between the NIR and red reflectance, and not as a normalized
difference. This explains the much higher sensitivity of EVI than
NDVI to moderate-to-high vegetation density. This also helps to
understand recent findings at three flux tower sites (Harvard Forest,
Howland Forest and Morgan Monroe State Forest), where EVI was
significantly affected by view angles (Sims et al., 2011). The authors
found a substantial variation in the view angle sensitivity of EVI
across seasons, and this variation was  different for backscattering
vs. forward scattering data.
Conclusions

MISR and MODIS data were used to study the seasonal
anisotropy of the reflectance and VIs in subtropical deciduous
forests of the PET. Results showed that the MODIS/MISR NDVI and
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VI had higher values in the summer and lower ones in the winter
ith decreasing LAI and increasing SZA (greater amounts of canopy

hadows viewed by the sensors). In the winter, while the 250-m
ODIS NDVI reduced local topographic effects due to the red-NIR

and normalization, the three-band MODIS EVI enhanced the local
ariations in shaded and sunlit surfaces due to its strong depend-
nce on the NIR band response or the non-normalization of the
ands. EVI differences between shaded and nearby sunlit surfaces
aving the same vegetation type were larger than 10%.

The reflectance anisotropy of the MISR bands, especially the
reen and red ones, increased from the summer to winter. It was
tronger in the backscattering direction at large VZA, in which sun-
it canopy components predominated for the sensor. EVI was  much

ore anisotropic than NDVI and the anisotropy increased from the
ummer to winter with more canopy shadows sensed by the sensor
nd decreasing LAI; from forward scatter to backscattering direc-
ion with the predominance of sunlit canopy components viewed
y MISR; and at large view angles in the backscattering direction.

PROSAIL-simulated MISR NDVI and EVI at nadir viewing indi-
ated that the LAI was more important than SZA to explain seasonal
ariations in VIs in the deciduous forest of the PET. However, the
agnitude of the PROSAIL seasonal variations was  much smaller

han that observed with MODIS data. The heterogeneous canopy
tructure of the PET and the shadows cast by emergent trees and
rom local topography (sunlit and shaded surfaces) are important
actors not modeled by PROSAIL. In simulated tropical evergreen
orests, PROSAIL confirmed the greater sensitivity of EVI to solar
llumination when the vegetation is observed under large seasonal
ariation in SZA.

Results reinforce the different dependence of NDVI and EVI to
iew-illumination effects. Such effects are important when ana-
yzing time series acquired by large FOV or multi-angular sensors
ver subtropical deciduous forests under strong seasonal SZA vari-
tion. This is especially critical over rough terrains, where the local
ariations in sunlit and shaded surfaces with increasing SZA from
ummer to winter add strong data variability, especially for EVI.
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