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In this study we investigate the potential of fraction images derived from a linear
spectral mixture model to detect vegetation phenology in Amazonia, and evaluate
their relationships with the Moderate Resolution Imaging Spectroradiometer
(MODIS) vegetation indices. Time series of MODIS 250-m data over three contrasting land cover types in the Amazon were used in conjunction with rainfall data, a land
cover map and a forest inventory survey to support the interpretation of our findings.
Each vegetation physiognomy was characterized by a particular intra-annual variability detected by a combination of the fraction images. Both vegetation and shade
fractions were important to evaluate the seasonality of the open tropical forest (OTF).
The association of these results with forest inventory data and the literature suggests
that Enhanced Vegetation Index (EVI) and vegetation fraction images are sensitive to
structural changes in the canopy of OTF. In cerrado grassland (CG) the phenology
was better characterized by combined soil and vegetation fractions. Soybean (SB)
areas were characterized by the highest ranges in the vegetation and soil fraction
images. Vegetation fraction and vegetation indices for the OTF showed a significant
positive relationship with EVI but not with Normalized Difference Vegetation Index
(NDVI). Significant relationships for vegetation fraction and vegetation indices were
also found for the CG and soybean areas. In contrast to vegetation index approaches
to monitoring phenology, fraction images provide additional information that allows
a more comprehensive exploration of the spectral and structural changes in vegetation
formations.

1.

Introduction

Vegetation distribution and phenology are largely associated with climate, landscape
characteristics and human actions. Phenological response studies at regional and
global levels are important in understanding how the climate acts over different
natural, agricultural and urban ecosystems at various temporal scales (Myneni et al.
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1997, Gurgel and Ferreira 2003, Zhang et al. 2003, 2004) and the feedbacks between
terrestrial ecosystems and climate (Menzel et al. 2001, Beurs and Henebry 2004).
Moreover, phenological changes also play a significant role in regional ecosystem
simulation models (Chuine et al. 2000).
The exchanges of energy and CO2 between the biosphere and atmosphere through
biogeochemical cycles are strongly influenced by vegetation phenology, primarily
through variations in the onset, cessation and the length of the growing season
(Ferreira et al. 2003, Huete et al. 2006). For example, there are important phenologic
phases in the dynamics of terrestrial primary productivity and the global carbon cycle
including the photosynthetically active period, associated with increases in canopy
biomass and periods of constrained soil water availability, which limits above ground
biomass growth in many canopies (Williams et al. 1998, Lee et al. 2002, Wang et al. 2003).
Vegetation index images are the most frequently used satellite data to monitor
natural vegetation dynamics. In recent decades, vegetation monitoring at regional
and global scales has been done with Advanced Very High Resolution Radiometer
(AVHRR) sensor data converted to Normalized Difference Vegetation Index (NDVI)
images (Spanner et al. 1990, Reed et al. 1994, Royer et al. 1996, Batista et al. 1997,
Duchemin et al. 1999, Azzali and Menenti 2000, Lu et al. 2003). With the launch of the
Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the Terra and
Aqua Earth Observing System (EOS) platforms, temporal vegetation indices derived
from data with improved spatial, spectral and radiometric resolutions became freely
available and made possible a more accurate monitoring of the Earth’s surface. Two
vegetation indices are systematically derived from MODIS: NDVI and the Enhanced
Vegetation Index (EVI), distributed as part of the MOD13 product. NDVI has been
extensively studied and its limitations are well understood. These include saturation in
closed canopy and sensitivity to atmospheric aerosols and soil background. EVI was
developed to minimize these effects, including the blue band for atmospheric correction, computed as in equation (1):
EVI ¼ 2:5 

rNIR  rRed
;
rNIR þ ð6  rRed  7:5  rBlue Þþ1

(1)

where rNIR is reflectance in the near-infrared (NIR) spectral band, rBlue is reflectance
in the blue spectral band and rRed is reflectance in the red spectral band.
While NDVI is more sensitive to the absorbing chlorophyll bands (red), EVI is more
sensitive to canopy structural variations, including Leaf Area Index (LAI; Huete et al.
1997, 2002).
Spectral mixture analysis (SMA) is a potential tool for detecting and monitoring
changes in vegetation structure and phenology, and has already been successfully
tested for chaparral vegetation in North America (Dennison et al. 2003). This technique is based on the selection of endmembers (pure pixels) to generate fraction
images by the application of spectral mixture models. Each resulting fraction image
represents the fractional abundance of endmembers in each pixel. Therefore, in this
approach the spectral response of the pixel in any spectral wavelength can be considered as a linear combination of the spectral responses of each component inside the
pixels (Shimabukuro and Smith 1991).
The aim of the current study is to evaluate the potential of fraction images derived
from the linear spectral mixing model for detecting seasonal changes in three characteristic land cover types (open tropical forest, cerrado grassland and soybean area)
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Figure 1. Location of the Mato Grosso State (red limit). The Brazilian Legal Amazon is
represented in a colour composite image.

in the Brazilian Amazon using MODIS data. Initially, we describe the phenological
changes detected by the fraction images and vegetation indices for each land cover
type, and the relationship between the change in phenology and rainfall seasonality.
We then investigate the relationships between vegetation fraction images and vegetation indices to better understand the relative merits of both sets of information.
Finally, we compare the ability of the fraction images to capture the temporal
dynamics of the three vegetation types.
2.

Study area

The study was carried out within the limits of Mato Grosso State (900 000 km2) in the
southern part of the Brazilian Legal Amazon, lying between the latitudes 06 000 and
19 450 south and longitudes 50 060 and 62 450 west (figure 1). The diversity of
vegetation types found in this area is largely a result of natural ecosystem processes,
specifically spatial-temporal variations in climate, which include length of the dry
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Table 1. Annual mean values of temperature and annual cumulative rainfall
for the study area.
Region

Temperature ( C)

Rainfall (mm/year)

26
22
20

2700
1750
1250
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North
Central plateau
South

season, terrain features and rainfall patterns. Human activities are also important
determinants of land cover patterns in this region. For instance, Mato Grosso is
located in the ‘arc of deforestation’ region, and was the Brazilian state that had the
highest deforestation rates in 2002, 2004 and 2006, mainly due to pasture expansion
and mechanized agriculture of crops such as soybeans (INPE 2007).
Rainfall is not equally distributed throughout the year, and more than 70% of the
total cumulative rainfall occurs from November to March (summarized in table 1).
The wettest months in the northern region are from January to March, while in the
central region they occur from December to February, and from November to
January in the southern part. By contrast, the winter (June to August) is excessively
dry throughout the region (table 1).
3.
3.1

Dataset description and processing
MODIS data

3.1.1 Description. MODIS files are available in hierarchical data format–Earth
Observing System (HDF-EOS) format, projected in sinusoidal (SIN) or integerized
sinusoidal (ISIN) coordinate system. MODIS MOD13A1 product is a composition of
16-days with a quality analysis filter and processes by a constrained view angle–maximum
value composite (CV-MVC) algorithm (Huete et al. 1999). The product collection 4 (SIN)
was used, acquired for the period January to December 2002. Apart from October, which
has only one image acquisition, there are two composites images per month. A total of 23
sixteen-days composites were acquired at 250-m spatial resolution for each of the six tiles
(path/row) necessary to cover the entire Mato Grosso state, totalling 138 MOD13A1
images. The data include: 250m 16-day NDVI, EVI, NDVI Quality, EVI Quality, average
view zenith angle, average sun zenith angle, average relative azimuth angle and the red
(band 1, centred at 645 nm), NIR (band 2, centred at 858 nm), blue (band 3, centred at 470
nm) and mid-infrared (MIR) (band 7, centred at 2130 nm) spectral bands, associated with
the calculation of the Vegetation Index (VI). Bands 1 and 2 are at a spatial resolution of
250 m while bands 3 and 7 are available at a spatial resolution of 500 m.
3.1.2 Pre-processing. The pre-processing steps of the MODIS images involve the use
of the MODIS Reprojection Tool (MRT) free software for mosaicking the six images
that cover the study site into one image per 16 days, altering the geographic coordinate
system to geographic, datum WGS84, and re-sampling the three and seven spectral
bands to 250 m, using the nearest neighbour resampling algorithm (MRT 2008).
Monthly composite images were generated based on the highest NDVI pixel value
of two 16-day images corresponding to each month. This approach ensures that
cloudy and off-nadir pixels are less likely to be selected for the final monthly composite (Carreiras et al. 2003).
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3.1.3 Applying the linear mixture model. The linear spectral mixing model estimates the proportion of each component within pixels by minimizing the sum of
squares of the errors. In this approach, the number of components must be less than
the number of spectral bands, the proportion values must be non-negative, and their
sum must equal one (Shimabukuro and Smith 1991).
The model was run for three endmembers: vegetation, soil and shade, using red (1),
NIR (2), blue (3), and MIR (7) spectral bands. Non-photosynthetic vegetation (NPV)
plays a major role in low tree density physiognomies (van Leeuwen and Huete 1996,
Dennison and Roberts 2003, Xiao et al. 2005); however, due to the number of spectral
bands and the characteristics of the study area, the use of NPV as an endmember would
not necessarily provide a better representation of the physically based fraction estimates.
The proportion of each component varies from 0% to 100%, and these endmembers
were selected directly from the image (image endmember approach) by choosing the
pixel with the spectral response closest to the theoretical spectral curve expected for a
pure endmember (Haertel and Shimabukuro 2005). In using the image endmember
approach for MODIS data, it was assumed in this study that there is at least one pure
pixel for each component over the study area, such as large areas of agriculture, or bare
soil in the dry season, as well as large water bodies to represent the shade endmember.
The vegetation pure pixel was selected from a homogeneous vegetation cover of
soybean area. The soybean plantations are larger than 200 ha in size, and are relatively
homogeneous in height, soil and spectral signature. The pure soil pixel was selected
from large agricultural bare soil areas in the dry season, when there is no vegetation
present. Variations in soil reflectance may result from changes in soil roughness and
water content, however the spectral signature shape and pattern for the soil will
remain the same, and we can assume that our soil endmember is representative of a
dry soil (Foody 1991, Muller and Décamps 2001). The shade pure pixel was selected
from clean water bodies considering the spectral similarity between shade and water
targets and the invariance of shade (Shimabukuro and Smith 1991).
From the 12 spectral mixing models generated (one for each month), the three endmember responses closest to the ideal theoretical curve were used to generate a unique
annual model, which was then applied to the whole temporal series. The final soil and shade
endmembers were selected from the dry season months, while the vegetation endmember
was selected from the wet season months (figure 2). In this study, we hypothesized that the
pure endmembers do not change their spectral characteristics during the period studied
(pseudo-invariant targets), and thus the changes observed in the proportion of the components are due to variations in the vegetation phenology.
3.2

Land cover map

The land cover map for the study area was generated based on the same multitemporal data series (Anderson et al. 2005). They have used statistical analysis to
determine the months and spectral bands that would detect and separate the higher
number of land cover class. July, August, September and November fraction images
and vegetation indices were used as input for the classification algorithms, with a
kappa coefficient of 0.89. The land cover classes which presented lower omission
and commission errors were selected for this study: Open tropical forest, cerrado
grassland, and soybean areas (figure 3(a)).
Open tropical forest (39% of the study area—354 756 km2), cerrado grassland (17% of
the study area—152 466 km2) and soybean areas (5% of the study area—41 198 km2)
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Figure 2. Endmember spectral responses used as input to the unique linear spectral mixture
model derived from monthly MOD13A1 data: the vegetation endmember was extracted from
the April model; the shade and soil were extracted from July and August models, respectively.

were chosen as the focus of the study due to their lower confusion in the validation of the
land cover map with field data and high vegetation structural dissimilarity (Anderson
et al. 2005).
The open tropical forest is considered a transitional forest at the southern limits of
the Amazon tropical rainforest. This forest is adapted to a dry period per year and
during 2002 there were six months with rainfall lower than 100 mm. It is primarily
composed of phanerophyte ombrophilous and sparse lianas and bamboo patches.
The cerrado grassland region is strongly geographically constrained by rainfall
patterns. The soil is shallow and the edaphic water is the most important factor
associated with the distribution of the cerrado formations (RADAMBRASIL 1982).
It is predominantly composed of grass and shrubs with sparse trees or patches of
woodland. The cerrado grassland formation is subject to distinct seasonality which is
characterized by gradual changes in leaf coverage. However, there is no period in which
the shrubs and sparse trees are completely without leaves (RADAMBRASIL 1982).
Soybean areas are increasing in the Brazilian Central-West Region, and are responsible for over half of the nation’s crop. In Mato Grosso during the period 2001 to 2004
direct conversion of forest to cropland totalled more than 540 000 ha, peaking at 23%
of 2003 annual deforestation (Morton et al. 2006).
3.3

Rainfall data

3.3.1 Description. Daily rainfall data for 2002 were acquired from the Agência
Nacional das Águas (ANA), derived from 125 meteorological ground stations in
Mato Grosso.
3.3.2 Pre-processing. The meteorological ground-station data were imported to a
geographic information system (GIS) and total rainfall was calculated for each
month. Then a regular grid was generated through interpolation using a weighted
average considering the Z-values and quadrant regions algorithm in order to provide
a spatial distribution map (equations (2)–(4)). The interpolation results showing the
cumulative rainfall for 2002 are presented in figure 3(b).

Figure 3. (a) 2002 land cover map for Mato Grosso based on annual signatures in NDVI, EVI and fraction images time series and (b) annual cumulative
precipitation surface generated based in the ANEEL ground stations (the Brazilian Electricity Regulatory Agency).
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1

d ¼ ððx  x0 Þ2 þ ðy  y0 Þ2 Þ2 ;
where d is the Euclidian distance from the interpolation point.
 
1
wðx; yÞ ¼
u ¼ 1;
d

(2)

(3)

where u ¼ 1 is the exponent of weighted function.
ð

ð
ðx; yÞ ¼

8
P

wðx; yÞÞ  z

1

ð

8
P

;

(4)

wðx; yÞÞ
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1

Ð
where w(x, y) is the weighted function, and (x, y) is the interpolation function.
In the present study the dry season was defined as months with rainfall lower than
100 mm, associated with the mean evapotranspiration and water balance assumed for
the Amazon (Malhi et al. 2002).
The water deficit (WD) for each month was calculated using equation (5) based on
Aragão et al. (2007).
if
then
else

WD ¼ ðWDÞn1  E þ Pn < 0;
WDn ¼ ðWDÞn1  E þ Pn ;
WD ¼ 0

(5)

where n is the month, E is evapotranspiration, fixed at 100 mm month-1, and P is the
total monthly rainfall.
3.4

Forest inventory data

RADAMBRASIL (1980) inventories were used to aid the interpretation of structural
changes in the open tropical forest canopy. Project RADAM, created in 1970 by the
Brazilian Ministry of the Mines and Energy, was originally conceived as an integrated
survey of natural resources of the Brazilian Amazon using a side looking airborne
radar (SLAR) and was subsequently expanded to include the whole of Brazil. In
addition to the radar images the RADAM project used a combination of aerial
photographs and field surveys to generate detailed information of geology, geomorphology, pedology, vegetation and potential land use. The radar and aerial photographs were combined to generate phyto-geographic unit maps. The data for the open
tropical forest, covering the north of Mato Grosso, used 272 inventories of 1 ha for
detecting floristic composition, volume measurement and species with economic
value. In relation to species composition, the RADAM data compiled trees with a
diameter at breast height (DBH) higher than 30 cm. In the current study, the
RADAM species list of the most common species for the open tropical forest physiognomy was used. This approach ensures that the species list is more likely to be
representative of all forest sub-type mosaics presented in this forest formation. The
open tropical forest is considered a mature old growth tropical forest, and is therefore
assumed to be in equilibrium. Although species composition is unlikely to have
changed markedly due to natural conditions, forest degradation, such as selective
logging, fires and deforestation have been increasing in this region.

Phenology of vegetation physiognomies in Amazonia
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Statistical analyses

The Kolmorogov–Smirnov test corrected by the Lilliefors test was carried out to test
for normality of the vegetation indices. The number of points tested for each land
cover type for each month was 461 300 for the open tropical forest; 97 847 for cerrado
grassland and 119 508 for soybean plantations. EVI was used as a proxy for testing the
normality of the data, and the skewness value for each month for the EVI was close to
zero; therefore the data was considered normally distributed.
Linear regression analyses were carried out to compare the monthly mean value of
the vegetation indices and the fraction images for corresponding land cover classes (Du
Plessis 1999) and to assess the relationships of the vegetation indices and fraction images
to rainfall (monthly and monthly lag response). Previous studies have reported a lag in
vegetation response to rainfall, mainly due to soil characteristics, vegetation adaptation
to dry conditions, and plant physiology in different vegetation physiognomies (Du
Plessis 1999, de Wasseige et al. 2003, Poveda and Salazar 2004, Xiao et al. 2005).
4.
4.1

Results and discussion
Phenology detection in the fraction images and rainfall relationships

4.1.1 Open tropical forest. EVI and VF (vegetation fraction) appear to be sensitive to
changes in the canopy structure during the dry season (April to September), particularly
in the months of August and September (the last month with precipitation lower than
100 mm), when there is a peak in index values (figure 4(a)). Huete et al. (2006) related the

Figure 4. Monthly mean derived from the linear mixing model (soil, shade and vegetation
fraction images) and the vegetation indices NDVI and EVI for the land cover classes: (a) open
tropical forest, (b) cerrado grassland, and (c) soybean areas. (d) Precipitation pattern for 2002,
for each land cover type.
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increase of the EVI with the flushing of new leaves and intensification of chlorophyll
activity during the dry season in central Amazon forests. Saleska et al. (2007) also found
an increase in EVI values during an anomalous dry period in central Amazonia in 2005
and related it to the flushing of new leaves and increased canopy photosynthetic activity.
These explanations are based on the fact that drier and sunnier periods, without water
limitation, can lead to an increase in photosynthesis due to greater light availability
(Saleska et al. 2003). However, it has also been demonstrated that the changes in the
green (or vegetation) and shade fractions could also be related to structural changes in the
canopy of tropical forests (Aragão et al. 2005, Jiang et al. 2006).
The open tropical forest region evaluated in this study, in the southern limits of the
Amazon forest, has a different structure and species composition from those in central
Amazonia, as studied by Huete et al. (2006) and Saleska et al. (2007). It has been
shown that in Mato Grosso forests, the variations in rainfall and soil water availability can influence rates of CO2 exchange by directly limiting rates of respiration and
photosynthesis, and by altering canopy structural properties such as LAI and litterfall
production (Vourlites et al. 2004). In this region, a decline of canopy LAI by almost
1 m2 m-2 between the wet and the dry season has been observed (Vourtilis et al. 2001).
Leaf litter production reaches a seasonal maximum between August and September,
probably in response to a decline in soil water availability (Scott et al. 1992, Wieder
and Wright 1995), and exhibits a large pulse of leaf and stem fall at the end of the dry
season (Vourlitis et al. 2001). Based on these studies, carried out in the same region of
the present study, it is hypothesized that the seasonality observed in the EVI and
vegetation fraction in August and September (figure 4(a)) is more likely to be related
with structural changes in the canopy (see discussion in section 4.2). The leaf shedding
of emergent trees in the dry season changes the canopy structure (top-of-canopy
‘topography’), decreasing the roughness and shading effects, as they are a function
of canopy structure. This directly leads to an increase in the vegetation index response.
Moreover, leaf fall in the end of the dry season reduces self-shading, resulting in more
sunlight penetrating into the canopy, with a higher proportion of below-emergent
canopy leaves being detected by the satellite.
Based on RADAM’s field survey, within the study area 43.7% of all trees inventoried are semi-deciduous and 28.1% are deciduous. In relation to canopy positioning,
34.3% of all trees are emergent, with a density of 3.04 deciduous and 8.88 semideciduous individuals per hectare (table 2). Most of the emergent trees that are
deciduous or semi-deciduous shed their leaves in the dry season. Based on the high
density of deciduous and semi-deciduous emergent trees in this area, it is expected that
they can considerably change the roughness of canopy in the dry season. This pattern
can also explain the significant relationships between shade fraction and the threemonth rainfall lag (R2¼ 0.75, p , 0.05) (table 3). Specifically, the lowest shade
fraction was found in September: three months after the lowest rainfall and during
the maximum cumulative meteorological water deficit of 345 mm (assuming a threshold of 100 mm for evapotranspiration) (Aragão et al. 2007).
There was no significant relationship between the EVI and rainfall, however a
significant correlation was found (R2 ¼ 0.66, p , 0.05) for the NDVI versus one
month lag precipitation (table 3).
The annual mean of the NDVI (0.86) is higher than the value (0.53) reported by Batista
et al. (1997) for Northern Brazil. The difference between the results could be attributed to
two factors: the temporal series analysed and the sensor/data characteristics. Batista et al.
(1997) used data from 1981 until 1991 (10-year monthly mean), which included two El
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Table 2. Field inventory data for open tropical forest (RADAMBRASIL 1980). Species
seasonality, SD, semi-deciduous; D, deciduous; EG, evergreen. Canopy position, E, emergent;
C, canopy; SC, sub-canopy. The data on deciduousness and canopy position are provided by
Samuel Almeida.
Family
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Annonaceae
Bignoniaceae

Species

Xylopia sp.
Tabebuia chysotricha (Mart.
Ex DC) Standl.
Burseraceae
Protium decandrum (Aubl.)
March.
Burseraceae
Protium spp.
Burseraceae
Tetragastris altissima (Aubl.)
SW.
Burseraceae
Trattinnickia rhoifolia Will.
Caesalpiniaceae
Hymenaea palustris Ducke
Caesalpiniaceae
Sclerolobium chrysophyllum
Poepp.& Endl.
Caesalpiniaceae
Tachigalia paniculata Aublet
Celastraceae
Goupia glabra Aubl.
Chrysobalanaceae Licania membranacea
Sagot.ex Lane
Chrysobalanaceae Licania pruinosa R.Ben.
Euphorbiaceae
Hevea brasiliensis Muell. Arg.
Flacourtiaceae
Laetia procera (P. et E.) Eichl.
Guttiferae
Caraipa richardiana Camb.
Humiriaceae
Endopleura uchi (Huber)
Cuatr.
Lauraceae
Mezilaurus itauba (Meiss.)
Taub.ex Mez
Lauraceae
Nectandra mollis Nees
Lauraceae
Ocotea fragrantissima Ducke
Lecythidaceae
Bertholletia excelsa H.B.K.
Lecythidaceae
Couratari sp.
Lecythidaceae
Eschweilera odora (Poepp.)
Miers.
Leguminosae
Dialium guianensis Aubl.
Leguminosae
Dipteryx odorata (Aubl.)
Willd.
Meliaceae
Guarea Kunthii Juss.
Moraceae
Brosimum aliscastrum SW.
Moraceae
Maquira guianensis (Aublet)
Hub
Moraceae
Perebea guianensis Aubl.
Sapotaceae
Chrysophyllum anomalum
Pires
Simaroubaceae
Simarouba amara Aubl.
Vochysiaceae
Qualea spp.
Vochysiaceae
Vochysia maxima Ducke

Deciduousness

Canopy
position

Density
Trees ha-1

EG
D

SC
E

0.69
0.88

SD

C

0.42

SD
SD

C
E

0.56
6.07

SD
D
D

E
E
C

0.56
0.54
0.42

D
SD
EG

E
C/E
C

0.59
0.47
0.6

EG
D
SD
EG
EG

C
C
C
C
C

0.45
0.97
0.42
0.64
0.41

EG

C

0.43

SD
SD
SD
D
EG

C
C
E
E
C

0.56
0.57
0.67
0.61
0.55

SD
D

E
E

1.06
0.42

EG
SD
SD

C
C
C

0.69
0.65
0.49

D
SD

C
C

1.25
0.62

EG
D
SD

C
C
E

0.64
0.84
0.52

Niño years (1982/83 and 1986/87), that affected the rainfall pattern. They also used data
provided by the AVHRR sensor, which is at 1-km spatial resolution, and could have been
affected by sensor degradation, navigation error, and atmospheric attenuation thereby
influencing their results (Los 1993, Gutman and Ignatov 1995). The higher NDVI values
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Table 3. Open tropical forest: coefficient correlation between vegetation indices, fraction
images with zero to three months precipitation lag.
R2

Shade fraction
Vegetation fraction
NDVI
EVI

Monthly

1-month lag

2-months lag

3-months lag

0.06
0.00
0.31
0.2

0.01
0.04
0.66*
0.01

0.19
0.04
0.47
0.05

0.75*
–0.74
0.45
-0.61
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Note: *p , 0.05

found in this study could be related to the better spatial and spectral characteristics of the
spectral bands of the MODIS sensor, the systematic atmospheric correction with more
accurate parameters for these data (Vermote et al. 2002), and the vegetation map used
here that excludes the disturbed forests and deforested areas.
4.1.2 Cerrado grassland. The spectral response of open canopies, such as cerrado
grassland, also incorporate soil substrate, leaf litter and NPV to varying extents
(Roberts et al. 1993). Here, NPV response is represented in the signal as a mixture
of vegetation and soil response. It is characterized by weak chlorophyll absorption in
the visible spectrum and increased reflectance in the shortwave infrared (SWIR).
The vegetation fraction gradually changes from its maximum during the wet season
(44% in January) to its lowest in the dry season (16% in August), but does not drop to
zero due to the presence of evergreen shrubs and treelets (figure 4(b)). Ferreira et al.
(2003) found 40–46% of green cover during the wet season and 25–18% in the dry
season for the same vegetation formation in Central Brazil using integrated field
transects and airborne, nadir-look digital images. The values obtained in both studies
are similar for the vegetation, and the differences in their range can be attributed to
the spatial resolution of the data used.
The shade fraction progressively increased until June (49%) and then gradually
decreased (38% in December). During the year, the shade fraction values are higher
and more constant than the soil and vegetation fraction values due to the layers
formed by this vegetation structure. As expected, the soil fraction image showed its
lowest values during the wet season (8% in January), when the vegetation is more
vigorous, and it increased during the dry season up to 35% in August—the peak was
two months after the lowest rainfall. Ferreira et al. (2003) found a 15% soil difference
between wet–dry seasons in MODIS data, while in this study a difference of 27% was
found. This discrepancy could be due to the selection of the endmember in a bare soil
area in this study, while in Ferreira et al. (2003) some mixing could have occurred. The
increase of the soil response in dry conditions could also be related to the increase of
the content of NPV during water deficit conditions (Denninson and Roberts 2003).
The relationship between the cerrado grassland (NDVI, EVI and Fraction images)
and rainfall is shown in table 4. The soil and vegetation fractions and also the NDVI and
EVI were significantly (p , 0.05) correlated for all the rainfall variables tested (monthly,
1-month lag, 2-month lag and 3-month lag). The strongest relationships found were
with NDVI (1-month lag: R2 ¼ 0.84) and soil fraction (2-month lag: R2 ¼ 0.81).
Batista et al. (1997) found a minimum NDVI value of 0.36 and a maximum of 0.41
for a 10-year monthly mean in cerrado areas. Du Plessis (1999), using AVHRR data
from rainy season periods for 1993/94, 1994/95 and 1995/96, found a minimum value
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Table 4. Cerrado grassland: coefficient correlation between vegetation indices, fraction images
with zero to three months precipitation lag.
R2

Shade fraction
Soil fraction
Vegetation fraction
NDVI
EVI

Monthly

1-month lag

2-months lag

3-months lag

0.08
0.49*
0.68*
0.64*
0.75*

0.0
0.77*
0.73*
0.84*
0.75*

0.15
0.81*
0.53*
0.71*
0.47*

0.66*
–0.75*
0.46
0.61*
0.38
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Note: *p , 0.05

of 0.02 and a maximum of 0.4 in the NDVI for the Namibia savannah region. In this
study a higher annual mean (0.67) for NDVI in cerrado grassland was found. The
minimum value found was 0.50 in August and a maximum value of 0.81 in January.
The EVI had an annual mean of 0.40, with a maximum of 0.49 in January and a
minimum of 0.27 in August. All the maximum and minimum values found for the
vegetation indices and vegetation fraction occurred during the same months, in both
seasons. Ferreira et al. (2003) found a 30% MODIS NDVI seasonal relative difference
for cerrado grassland, and in this research a 37% NDVI range from the maximum to
the minimum values was found. In relation to the MODIS EVI, Ferreira et al. (2003)
found a relative difference of approximately 38%, and a 44% EVI difference was
found in this study from wet to dry seasons. Interestingly, the results from this study
and the one carried out by Ferreira et al. (2003) present a similar proportional
difference for vegetation indices.
4.1.3 Land cover: soybean areas. The spectral response of this crop was separable
from the other land cover and land use types in this region due to the high amplitude
difference between wet and dry season values. The vegetation fraction profile ranged
from a peak of 80% in January to its lowest value of 0.7% of vegetation in August
(figure 4(c)). NDVI and EVI also presented higher and lower values in the same
months: the EVI varied from 0.7 to 0.2 and the NDVI from 0.8 to 0.3, and for both
indices, this land cover type is the one that showed higher differences between seasons.
Therefore, the vegetation indices and vegetation fraction measurements from January
and August could be potentially used to spectrally differentiate this land use from the
other land cover types. During the dry season, the soil fraction varied from 29% in
May to 58% in August, while the shade fraction varied from 42% in May to 39% in
August, with a peak in June (44%)—two months before the soil fraction peak.
In table 5, the relationships between the soybean areas (NDVI, EVI and fraction
images) and rainfall are summarized. Vegetation indices and fraction images showed
significant correlations with all the rainfall patterns presented here, but not the shade
fraction image with 2-month lag. There was also no significant correlation for all the
variables studied with 3-month rainfall lag (p , 0.01). The highest correlation coefficient found for this land cover type was NDVI, soil fraction and EVI with a 1-month
rainfall lag: R2 ¼ 0.82, R2 ¼ 0.82 and R2 ¼ 0.81, respectively (p , 0.01).
Wardlow et al. (2007) using an intra-annual temporal series of MODIS 250-m spatial
resolution found that soybean is spectrally separable from winter crops traditionally
grown in Kansas, USA. However, it exhibits some classification confusion with corn,
the other summer crop examined. In their study, the soybean peak in the growing
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Table 5. Soybean areas: coefficient correlation between vegetation indices, fraction images
with zero to three months precipitation lag.
R2

Shade fraction
Soil fraction
Vegetation fraction
NDVI
EVI

Monthly

1-month lag

2-months lag

3-months lag

0.63*
0.68*
0.76*
0.73*
0.78*

0.44*
0.82*
0.79*
0.82*
0.81*

0.05
0.55*
0.38*
0.51*
0.41*

0.21
–0.46*
0.27
0.29
0.29
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season occurred in July (NDVI ¼ approximately 0.83)—the opposite crop calendar to
Brazil due to the summer period in the two hemispheres. Presumably the use of fraction
images could improve the differentiation between the summer crops, due to the vegetation fraction image being characterized by a higher amplitude than NDVI between
seasons. In addition, soil and shade fraction could play a major role in determining the
phenology of the studied crops due to the characteristics of both species.
4.2

Relationships between fraction images and vegetation indices

Linear regression analysis was used to evaluate the relationship between the vegetation fraction and vegetation indices (figure 5). These results are based on one year of
data in a ‘normal’ rainfall condition for this region. Although the use of a intra-annual
time series may not be sufficient for capturing the total variation that the vegetation
formations may exhibit in response to changes in climate and rainfall patterns (such as
during El Niño years or droughts due to the rise in sea surface temperatures (SSTs) in
tropical North Atlantic events) it is extremely important to document and characterize the response of the vegetation in detail for a non-anomalous year in relation to the
rainfall. Therefore, due to the marked intra-annual seasonality in this region, it is
argued that the relationships found in this study are valid. Open tropical forest had a
significant correlation between the vegetation fraction and EVI (R2 ¼ 0.84, p , 0.01),
but not with NDVI. A significant correlation with both vegetation indices and the
vegetation fraction for the other landscapes analysed was also found.
It was observed that even with a significant correlation between NDVI and the
vegetation fraction, there is a poor adjustment and a higher data scatter then in the
relationship with EVI. This result suggests that the vegetation fraction is associated more
with structural changes in the canopy, such as EVI, rather than with chlorophyll, which is
better described by NDVI (Huete et al. 2002). In addition, NDVI might be more
saturated than EVI in this forest type, suggesting that the vegetation fraction, such as
EVI, is more sensitive to variations in closed canopies than NDVI. This is understandable
in the context of the intercept of the regression equation for the soybean relationships.
NDVI and EVI intercept the y-axis at 0.33 and 0.18, respectively and the vegetation
fraction interception is 0.74. In addition to the saturation problems related to NDVI, the
EVI and vegetation fractions are characterized by lower values due to the partitioning of
the vegetation signal by the correction factor and use of the blue channel in EVI, and
estimation of the soil and shade influence in the vegetation fraction.
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Figure 5. Linear regression analysis between monthly mean value for vegetation indices image
and vegetation fractions image for the three vegetation formations studied. Open tropical
forest: (a) NDVI versus vegetation fraction and (b) EVI and vegetation fraction. Cerrado
grassland: (c) NDVI versus vegetation fraction and (d ) EVI and vegetation fraction. Soybean
areas: (e) NDVI versus vegetation fraction and (f ) EVI and vegetation fraction.

The relationships between shade and soil fractions with the vegetation indices are
presented in table 6. The soil fraction was not analysed for the open tropical forest
area, as the soil response in closed canopies is insignificant. The shade fraction was
significantly related with the EVI, showing a negative correlation. In other words, the
higher the EVI, the lower the shade fraction, reinforcing the discussion of changes in
the canopy structure presented in section 4.1.1.
The results of the linear regression for cerrado grassland were R2 ¼ 0.94 and
2
R ¼ 0.74 for the soil fraction and NDVI and EVI, respectively (p , 0.05), but no
significant relationship was found for the shade fraction and the vegetation indices. The
soybean area analysis, like the results for cerrado grasslands, presented significant and
high correlations with the soil fraction for EVI and NDVI and shade fraction with EVI.
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Table 6. Linear regression equations for the vegetation indices and soil and shade fraction
images for the land cover types studied
Shade fraction
Land cover type
Open tropical forest NDVI
EVI
Cerrado grassland NDVI
EVI
Soybean
NDVI
EVI

R2
0.06
0.87*
0.00
0.08
0.57
0.71*

Linear regression
equation
y ¼ 0.0008x þ 8209
y ¼ –0.006x þ 0.8053
y ¼ 0.003x þ 0.659
y ¼ –0.0049x þ 0.6183
y ¼ –0.0159x þ 1.148
y ¼ –0.017x þ 0.9898

Soil fraction
R2

0.94*
0.74*
0.99*
0.94*

Linear regression
equation

y ¼ –0.0077x þ 0.8857
y ¼ –0.0065x þ 0.5255
y ¼ –0.0098x þ 0.8851
y ¼ –0.0091x þ 0.6702
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Note: *p , 0.05

4.3

Comparison among vegetation types

The fraction images revealed seasonal patterns that can aid the interpretation of the
phenology of the land cover types. In general there were three main trends that can be
observed from the fraction images temporal profiles (figure 4). First, the open tropical
forest vegetation fraction (VF) was highest in September (62%), as was EVI (0.58)
(figure 4(a)). The VF was significantly correlated with EVI for all three vegetation
physiognomies analysed. However, NDVI was significantly correlated with VF only
for the cerrado grassland and soybean areas (p , 0.05).
Second, the shade fraction (SF) showed higher values in the beginning of the dry
season for open tropical forest (May and June) and cerrado grassland (March)
(p , 0.05). During this period, it is expected that the vegetation has not entered
the water deficit phase yet, due to the high rainfall in the previous months.
Therefore, the canopy layers are assumed to be vigorous, projecting the shade due
to the heterogeneity of the canopy (the deciduous and semi-deciduous trees in the
open tropical forest are green and full of leaves, and in cerrado grassland the sparse
trees, shrubs and grasses form different layers, resulting in increases in the shade
proportion). The lowest shade values were observed in January for soybean (when
most of the plants are fully developed reaching the same height) and in December for
cerrado grassland and open tropical forest (38% and 36%, respectively). In the open
tropical forest as the VF increased the proportion of canopy gaps and shadows
decreased. Similarly, in the soybean and cerrado grassland sites, as VF increased,
the shade fraction decreased.
Finally, the peak in the soil fraction (SF) occurred in August for the cerrado grassland
and soybean sites (58% and 35%, respectively). The soil fraction in open tropical forest
was negligible. It is also observed that August was characterized by the lowest VF, NDVI
and EVI values for the soybean areas (VF ¼ 0.7%, NDVI ¼ 0.33 and EVI ¼ 0.18) and
cerrado grassland (VF ¼ 16%, NDVI ¼ 0.50 and EVI ¼ 0.27). In the open tropical forest
physiognomy, the lower VF and EVI were in June (46.6% and 0.47, respectively), and the
lowest NDVI was in July (NDVI ¼ 0.83), in the middle of the dry season.
A summary of the intra-annual changes in the response of the land cover types
detected in the fraction images is presented in figure 6. It is interesting to observe not
only the amplitude but also the direction of the changes for the fraction images. The
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Figure 6. Combined intra-annual characteristics of the fraction images for the three land
cover types.

soybean areas have the highest amplitude, and the monthly changes are observed in
the centre of the diagram. Cerrado grassland presents intermediate variation and the
values are grouped closer to the vegetation-shade axis of the diagram. The smallest
oscillation was presented by open tropical forest, with varying vegetation and shade
proportions between seasons, clustered in one region of the vegetation-shade axis of
the diagram. Despite the small variation for the open tropical forest, it is possible to
distinguish between the wet and dry seasons in the three vegetation types, which all
show maximum vegetation fractions and minimum shade and soil proportions in the
wet season. Although a large number of images are necessary for monitoring the
phenology, it was possible to detect the key months that present higher separability
and higher similarity among the land cover classes evaluated in this study. Based on
the monthly values, the most important months to distinguish among the land cover
types are during the dry season, specifically in August. In contrast, from April to June,
soybean areas and cerrado grasslands presented closer values.
5.

Conclusions

This study investigated the use of the MODIS 250-m vegetation indices and derived
fraction images to detect and characterize vegetation phenology on an intra-annual
basis. The relationships between MODIS vegetation indices (NDVI and EVI) and the
vegetation fraction images were also investigated. A number of conclusions and
recommendations are provided below regarding the suitability of the data and methodology for this application.
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First, the fraction images derived from the MODIS data can be a useful additional
source of information to understand not only natural changes in vegetation phenology due to alterations in canopy structure, but also to highlight seasonality of
anthropogenic land cover processes, such as the cultivate maximum growth and
harvest phases. Each landscape analysed showed a unique combination of components that better explained its phenology. Open tropical forest was most closely
related with the vegetation and shade fractions. Conversely, the cerrado grassland
phenology was better explained by the variability of the soil and vegetation fractions.
The dynamics of the soybean areas were well discriminated among the three fractions
analysed. All the three vegetation types investigated were separable at some point
based on their spectral characteristic and temporal differences expressed in the fraction images.
Second, the relationships between vegetation fraction and vegetation indices suggest that the vegetation fraction and EVI respond similarly to seasonal changes in
different land cover types. On the other hand, NDVI and vegetation fraction did not
show a significant relationship with open tropical forest, most likely to due to NDVI’s
spectral saturation. The cerrado grassland and soybean areas showed similar phenological patterns. However, the magnitude of the changes in the spectral response
between the dry and wet seasons permitted their characterization.
Third, the shade fraction image can be an important component for the investigation of natural changes in closed canopies vegetations. The shade fraction image had a
significant negative relationship with EVI and explained 88% of the open tropical
forest variability. Despite the increase in EVI during the dry season that has been
previously related with the greening-up of the forest (Huete et al. 2006, Saleska et al.
2007), the use of fraction images in this study suggested that this increase in EVI is
more likely to be associated with a modification in the canopy structure. Additional
work is required to validate these findings, and the use of field-based measurements
on LAI, litterfall, canopy nitrogen and pigments, and phenology of dominant species
would be necessary for answering this unresolved question. Furthermore, the relationship between shade and gap fraction in the forest may be related on a intra-annual
scale with litterfall seasonality or on a long-term scale with changes in the structure
and composition of the forest during extreme natural events, such as blow downs
(Chambers et al. 2004), drought (Aragão et al. 2007), or climate change (Phillips et al.
2002, 2009). This could be further tested using high spatial resolution imagery.
In relation to the MODIS vegetation index product, the 250-m spatial resolution
showed to be an appropriate scale to assess the fragmented landscape in the southern
limits of the Amazon. It is still an open question as to what exactly would be missed in
using a dataset with 500-m or 1-km spatial resolution, and this issue deserves further
investigation since it could greatly influence space storage, speed of processing,
computational power and time.
Finally, the spectral mixture methodology was shown to be a valuable tool for
understanding seasonal changes in different vegetation physiognomies and land cover
types. The fraction images, such as shade and soil, complement the vegetation indices
data, providing additional information about the land cover, land cover change and
vegetation structure seasonality. Ongoing research is focusing on the evaluation of the
relationships among vegetation indices, fraction images and field observational data
of phenology in central Amazonia. The next steps will focus on improved and up-todate land cover inter-annual datasets of phenology and patterns of land use change
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that can potentially support science and policy applications focused on the understanding of the natural and anthropogenic drivers for environmental change in
Amazonia.
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