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ABSTRACT 

The large extension and diversity of the Cerrado vegetative cover, the second largest 

biome in South America, has a strong impact on regional, and possibly global, energy, 

water, and carbon balances. Nevertheless, as a major farming frontier in Brazil, it is 

estimated that about 40% of the Cerrado land cover has already been converted into 

cultivated pastures, field crops, urban development, and degraded areas. Despite this 

aggressive pace of land conversion, there have been few investigations on the operational 

utilization of remote sensing data to effectively monitor and understand this biome. 

Within this context, and within the goals and framework of the Large Scale Biosphere-

Atmosphere Experiment in .Amazonia (LBA). we evaluated the usefulness of spectral 

vegetation indices (Vis), to effectively monitor the Cerrado, detect land conversions, and 

discriminate and assess the conditions of the major stnictural types of Cerrado vegetation. 

Using a full hydrologic year (1995) of .A^VHRR. local-area-coverage (LAC), data 

over the Cerrado. converted to normalized difference vegetation index (NDVI) and soil 

adjusted vegetation index (SAVl). we were able to spatially discriminate three major 

communities based on their phenologic patterns. These included savanna formations and 

pasture sites, forested areas, and agricultural crops. We also analyzed wet and dry season, 

aircraft-based radiometric data and a ground-based set of biophysical measurements, 

collected over the Brasilia National Park (BNP), the largest LBA core site in the Cerrado 

biome. Overall, we found the MODIS vegetation indices, which include a continuity 

NDVI and the new enhanced vegetation index (EVT), to provide better performance 

capabilities with improved dynamic ranges and contrasts in seasonal dynamics. Land 



s 

cover discrimination was favored by the NDVI. while the EVI more strongly responded 

to the seasonal contrast of the vegetative cover. Thus, the synergistic use of the MODIS 

VT products will very likely result in an improved monitoring capability and 

understanding of the Cerrado biome. 
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CHAPTER 1 

INTRODUCTION 

Explanation of the problem and its context 

The Brazilian Cerrado. the largest region of neotropical savanna vegetation, 

covers approximately 45% of South America and is among the most humid of the world's 

savannas. A major characteristic of the Cerrado biome is the conspicuous seasonal 

contrast observed in precipitation between the dry and rainy seasons. This is a 

determinant factor in the Cerrado distribution and is believed to induce large seasonal 

fluctuations in energy, water, and carbon fluxes. 

The Cerrado is also marked by large-scale, human-induced changes. Intensive 

agricultural and grazing occupations have made the Cerrado the most severely threatened 

biome in Brazil. Although the Cerrado shows the potential to influence regional, and 

possibly global, energy, water, and carbon balances, the impacts of intensive land 

conversion on biogeochemical cycling remain poorly understood. Thus, a better 

characterization and discrimination of land cover types are needed in order to better 

estimate carbon stocks and resulting net flux sources and sinks following disturbances in 

the Cerrado. 

There have been few attempts made towards the operational utilization of remote 

sensing data to effectively monitor this biome. which is still a major farming frontier in 

Brazil. This is partially due to the difficulty in spectral differentiation of the various 

components of die Cerrado and their converted areas. On the other hand, the low spatial 
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resolution of the NOAA-AVHRR and large errors inherent in the normalized difference 

vegetation index (NDVl) time series datasets have been major impediments to their 

effective utilization. The Landsat TM and ETM" imagery offer much better quality 

datasets. but at infrequent intervals to capture the highly dynamic Cerrado. 

This dissertation work, conducted within the framework of the Large Scale 

Biosphere-Atmosphere Experiment in Amazonia (LBA) and part of an effort to evaluate 

and validate the Moderate Resolution Imaging Spectroradiometer (MODIS) vegetation 

indices (Vis), involves two main science questions: a) what are the responses and 

usefulness of spectral vegetation indices to the Cerrado physiognomies and ecological 

processes; and b) how effective are new sensors (e.g. MODIS) and algon'thms (e.g. 

enhanced vegetation index - EVl) in monitoring the Cerrado's vegetative cover? In order 

to answer these questions, the following issues were addressed in this research: 

1 - The correct identification of the seasonal dynamics of the vegetation cover is 

of fundamental importance for understanding the functioning of ecosystems. It also plays 

a key role in the implementation of sustainable development practices, besides being a 

critical input for modelling. Thus, the seasons! response of spectral vegetation 

indices as well as their ability to depict the phenology of the natural and converted 

vegetation formations commonly encountered in the Cerrado were investigated in this 

dissertation. 

2 - The availability of multiple sensors, at varying spatial, spectral, and temporal 

resolutions, offer the potential of significantly improving our ability to observe and 

characterize land surface processes. On the other hand, differences in spatial resolution 
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and in spectral band-pass filters are also likely to introduce new challenges and 

difficulties in the interpretation of remote sensing data. In this dissertation, the effects 

of distinct band-pass filters on the Vis and in particular, on their ability to depict 

the seasonal contrast of the Cerrado physiognomies, were investigated. 

3 - The radiometric characterization of the earth's vegetative cover is a prior 

requirement to the correct and effective utilization of remote sensing data. In this 

dissertation, such characterization, coupled with ground biophysical parameters, was 

pursued for the major natural land cover types encountered in the Cerrado biome. 

4 - Land cover discrimination plays a key role in the identification of on 

going land conversion and in the quantification of ecological processes. Thus, the ability 

of remote sensing data, from full resolution spectra to Vis, to discriminate among the 

major Cerrado physiognomies was evaluated in this dissertation. 

Dissertation format 

The main body of this dissertation consists of three research manuscripts, which 

are appended. The seasonal response of spectral vegetation indices was investigated in the 

first two manuscripts (Appendices A and B). One hydrologic year of AVHRR local-area-

coverage (LAC) data from different localities over the Brazilian Cerrado was analyzed in 

the first manuscript. In the second manuscript (Appendix B), wet and dry season ground 

and airborne datasets, obtained over the Brasilia National Park (BNP), were utilized to 

analyze distinct sensor band-pass filters and their respective Vis. In the third manuscript 

(Appendix C), full resolution spectra and Vis, based on wet season ground and airborne 
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datasets from the BNP. were evaluated for land cover discrimination. 

In the first manuscript, the author was responsible for obtaining the AVHRR data 

from the US Geological Sur\'ey - Eros Data Center (USGS - EDC) and additional data 

processing was carried out. The author also conducted all the data analysis and 

completion of the manuscript, under the guidance of Dr. Alfredo Huete. For the other two 

manuscripts, the author designed and coordinated the wet and dry season field campaigns, 

working closely with Dr. Hiroki Yoshioka (TBRS / University of Arizona) and Dr. Edson 

Eijy Sano (Embrapa Cerrados). and was supervised by Dr. Alfredo Huete. The author was 

also responsible for all data processing, data analysis, and completion of these 

manuscripts, with assistance and guidance from Dr. Alfredo Huete. 



13 

CHAPTER 2 

PRESENT STUDY 

Summary 

The literature review, site descriptions, metiiods. results, and conclusions of this 

study are presented in the manuscripts appended to this dissertation. The following is a 

summar\' of the most important findings in these papers. 

Manuscript #1: The recently available Moderate Resolution Imaging 

Spectroradiometer (MODIS) data, and in particular, the MODIS Vis, provide new 

information and improved sensitivity to vegetation, and will certainly contribute to a 

better understanding and monitoring of the Cerrado biome. Nevertheless, the usefulness 

of the MODIS Vis in characterizing the Cerrado will directly depend on their ability to 

depict the distinct seasonality and intricate spatial mosaic found in the Cerrado vegetative 

cover. 

We investigated the seasonal patterns of the Cerrado vegetation, the response of 

spectral vegetation indices to such temporal changes, as well as their ability to 

discriminate among the major vegetation types encountered in the Cerrado biome. A full 

hydro logic year (1995) of composited AVHRR, local-area-coverage (LAC), data was 

converted to NDVI and soil-adjusted vegetation index (SAVl), from which temporal 

extracts were made over nine uniform sites representing the major Cerrado formations, 

the Cerrado-forest transition, and the associated land use classes. 

The NDVI and SAVI temporal profiles were closely related and corresponded 



well to the phenological patterns of the nauiral and converted land cover types. A 

hierarchical cluster analysis, performed on both the NDVI and SAVl temporal profiles, 

indicated three major discriminable domains, which included the Cerrado formations and 

pasture sites, the forested areas, and the agricultural crops. 

Secondary differences in the NDVI and SAVT temporal responses were also 

evident. Compared to the SAVl, the NDVI was slightly more sensitive to the variations 

taking place during the dry winter months. The SAVl. by contrast, tended to show a 

higher response to variations in the vegetative cover occurring during the summer rainy 

months. These differences were found to be mainly related to the different NDVI and 

SAVT interactions with sun-sensor viewing geometries as well as the distinct red and NIR 

influences on these indices. 

These results indicated that NDVI and SAVl data can effectively depict the 

temporal dynamics of the natural and converted vegetation formations commonly 

encountered in the Cerrado biome. In fact, since the Vis primarily responded to the 

phenology of the vegetative cover, the particular vegetation responses and temporal 

patterns discussed in this study should continue to be observed, regardless of sensor or 

data characteristics (e.g. compositing method). Land cover discrimination with the 

AVHRR, on the other hand, could not meet the needs of effectively monitoring this 

highly complex and threatened biome. This is likely to be achieved with the operational 

use of the MODIS 250m VI products, which tend to show less aggregation of the sub-

pixel content and more information about the vegetative cover. 

Manuscript #2: In the Cerrado biome, the pronounced seasonal contrast in 
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precipitation may induce large seasonal fluctuations in energy, water, and carbon fluxes. 

Therefore, estimations of the capacity of the Cerrado to sequester and store carbon 

dioxide greatly depend on our ability to understand and capture the distinct seasonality in 

its phenological cycle. 

In this study, we focused on the seasonal response of the MODIS Vis. based on a 

dry and wet season airborne radiometric dataset obtained over the Brasilia National Park. 

Since the MODIS data products are expected to be spatially complemented with data 

provided by Landsat 7. and also compared with historical datasets, both the ETM and 

AVHRR band-pass filters were considered in our analysis. 

The seasonal responses of these Vis corresponded to three major physiognomic 

domains: herbaceous, woody, and forested, and varied in magnitude according to the VI 

algorithm and sensor bandwidths. Larger relative seasonal differences in VI values were 

observed for the EVI. due to this index's greater sensitivity to the single reflectance 

bands. With respect to the different sensor bandpasses, the ETM* Vis showed systematic 

larger seasonal variations, compared to MODIS. a result of the closer proximity between 

the ETM* red and NIR band-centers. The AVHRR NDVI showed the smallest variations 

and the lowest "contrast" in the seasonal responses, due to the considerably broader red 

bandwidth and significant water vapor effects on the NIR band. 

Tlie effects of simulated atmospheric scenarios and aerosol loadings on the VTs 

seasonal responses were particularly apparent in the NDVI. The atmosphere resistant 

EVI, by contrast, was quite successful in minimizing atmospheric induced changes in VI 

values and respective seasonal responses. As expected, the effects of residual aerosol 



16 

loadings on Vis were strongly "bandwidth'* dependent. Thus, the largest changes in 

seasonal responses were observed for the AVHRR NDVT, followed by the ETM" Vis. 

Based on the results shown in this study, we can affirm that the use of the MODIS 

VI products, and of the MODIS EVI in particular, should significantly improve our 

ability to consistently and more precisely detect seasonal changes in the Cerrado 

vegetative cover. In addition, one can expect the ETM" derived EVI to effectively 

complement and extend the functionality of the coarser resolution MODIS datasets. 

Nevertheless, as demonstrated in this study, the differences among the MODIS. 

AVHRR. and ETM' Vis tended to vary according to the land cover type and the 

vegetative cover conditions. This clearly indicates the need for inter-sensor VI translation 

equations. 

Manuscript #3; The effective utilization of the MODIS VI products require a 

clear understanding of their functionality, behavior, and on how they respond to specific 

vegetation types. To this end. an optical characterization of the major cerrado 

physiognomies, based on a wet season ground and airborne dataset, was pursued. We 

analyzed full resolution spectra, convoluted spectra (MODIS bandpasses), and Vis. and 

investigated land cover discrimination at each of these data levels. 

The analysis of the full resolution spectra revealed the importance of the red-NIR 

contrast, and in particular of the red edge in differentiating three major Cerrado domains 

(i.e. herbaceous, woody, and forested), and the importance of the green-red contrast and 

of the NIR plateau in discriminating subtle differences in the amount of senesced and 

green vegetation. Within the whole spectral interval, approximately 91% of the total 
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dataset could be correctly classified, while in the red-NTR reflectance space, about 78% 

were correctly classified. From the analysis of the red-NIR space it was also evident that 

red reflectances played a dominant role in the discrimination of these land cover types. 

Thus, the NDVl. strongly coupled to red, showed a better discrimination 

performance compared to EVI. The EVI, on the other hand, showed a greater within class 

variation. The distinct functional behavior and discrimination capabilities shown by the 

NDVl and EVI clearly suggest a potential "synergism" between these two indices. When 

the NDVl and EVI were simultaneously taken into account, most of the spectral 

information of interest could be captured, and about 82% of the total dataset was 

correctly classified. These results clearly indicate the possibility of utilizing the MODIS 

NDVl and EVI for operational land cover assessments in the Cerrado region. 
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Conclusions 

These experiments showed the ability of spectral vegetation indices to 

differentiate among the major Cerrado physiognomies and to distinctly respond to their 

phenology. Interestingly, land cover discrimination was favored by the NDVI, while the 

new MODIS EVI more strongly responded to the seasonal contrast of the vegetative 

cover. Thus, one can expect that the operational and synergistic use of the MODIS VI 

products will certainly contribute to a better understanding and monitoring of the Cerrado 

biome. However, further research involving more multitemporal datasets over the major 

Cerrado communities and their associated land use / land converted classes are still 

necessary in order to determine the response of the MODIS Vis to key ecological 

parameters (e.g. LAI. fAPAR) and to better evaluate the effects of the marked Cerrado 

seasonal contrast on land cover discrimination. Efforts in this direction are already being 

initiated within the scope of the "U.S. Airborne Science in LBA Ecology" experiment. 
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Abstract 

In this study, the response of vegetation indices (Vis) to the seasonal patterns and 
spatial distribution of the major vegetation types encountered in the Brazilian Cerrado 
was investigated. The Cerrado represents the second largest biome in South America and 
is the most severely threatened biome as a result of rapid land conversions. Our goal was 
to assess the capability of Vl's to effectively monitor the Cerrado and to discriminate 
among the major types of cerrado vegetation. A full hydrologic year (1995) of 
composited .'^VHRR, local-area-coverage (LAC) data was converted to normalized 
difference vegetation index (NDVl) and soil-adjusted vegetation index (SAVI) values. 
Temporal extracts were then made over the major cerrado vegetation communities. Both 
the NDVl and SAVI temporal profiles corresponded well to the phenological patterns of 
the natural and converted vegetation formations and depicted three major categories 
encompassing the savanna formations and pasture sites, the forested areas, and the 
agricultural crops. Secondary differences in the NDVl and SAVI temporal responses 
were found to be related to their unique interactions with sun-sensor viewing geometries. 
An assessment of the functional behaviour of the Vis confirmed SAVI to primarily 
respond to N'lR variations, while the NDVl showed a strong dependence on the red 
reflectance. Based on these results, we expect the operational use of the iMODIS 
enhanced vegetation index (EVI) to provide improved discrimination and monitoring 
capability of the significant Cerrado vegetation types. 

1. Introduction 

Savannas are found extensively in the sub-tropics and seasonal tropics and are the 

dominant vegetation biome type in the southern hemisphere, covering approximately 

65% of Africa, 60% of Australia, and 45% of South America (Bouliere and Hadley 

1983). In Brazil, the savanna is locally known as the Cerrado, which comprises an area of 

about 2,000,000 km^ consisting of three major vertical domains: semi-deciduous 

woodland, shrubland, and grassland (Furley 1999) (figure I). 

The gentle topography, relatively low land prices, sophisticated irrigation 

techniques, a good road system, and the proximity to important consumer centers 

transformed the Cerrado in the last twenty years into the most productive agricultural 

frontier of the country. It is estimated that approximately 40% of the cerrado area have 
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been already converted into cultivated pastures, field crops, urban development, and 

degraded areas. Another 13% of the total area are occupied by native pastures. Together, 

native and cultivated pastures support about 50 million cattle (IBGE 1998, Mantovani 

and Pereira 1998. Sano ei al. 2000). This rapid land conversion scenario has impacts and 

implications far beyond the local scale. The monitoring of vegetation conditions in the 

cerrado environment, as well as the identification of the current distribution of land-cover 

types and occurrences of land-use intensification and degradation, assume an important 

role in the Global Land-Cover and Land-Use Change Strategy within the scope of the 

NASA Earth Observing System (EOS) program (LCLUC homepage). 

Current monitoring of vegetation at global scales has been based on the 

Normalized Difference Vegetation Index (NDVl). The simplicity and relatively high 

sensitivity of this vegetation index to vegetation density have resulted in the 

accumulation of an 18-year MDVl global data record from the NOAA-AVHRR series. 

With the EOS Terra launch, a continuity NDVl is being produced to extend this AVHRR-

NDVI data set, utilizing higher quality data provided by the Moderate Resolution 

Imaging Spectroradiometer (MODIS) (Salomonson et al. 1989,). In addition, a new 

index, the Enhanced Vegetation Index (EVI). resistant to atmospheric and canopy 

background effects, is being tested to provide new information and improved sensitivity 

to vegetation (Justice et al. 1998, Huete et al. 1999). The usefulness of the MODIS 

vegetation indices (Vis) in characterizing the Cerrado, will directly depend on their 

ability to depict the distinct seasonality and intricate spatial mosaic found in the Cerrado 

veaetative cover. 



In this study we analysed a full hydrologic year (1995) of composited AVHRR 

local-area-coverege (LAC) data, converted to MDVI and soil-adjusted vegetation index 

(SAVI), as part of an effort to understand the seasonal patterns of the vegetation, the 

response of spectral vegetation indices lo such temporal changes as well as their ability to 

discriminate among the major vegetation types encountered in the cerrado biome. An 

assessment of the functional behaviour of these two indices is also attempted in this 

paper. Since the SAVI (canopy background correction) is conceptually similar to the EVI 

(background and aerosol correction), such an investigation yields a preliminary insight on 

the functional behaviour of the MODIS Vis over the cerrado vegetation. 

2. Background information 

Most of the cerrado region inhabits a tropical climate with anrtual average 

precipitation ranging from MOO to 1600 mm. Approximately 90% of the rainfall is 

concentrated during the months of October through March, which results in two 

contrasting, dry and wet. seasons. During the dr\' season, air humidity is very low (below 

20% in August and September) and rainfall may be zero in some months (Castro et ciL 

1994). Gentle topography associated with the severe seasonal climatic contrast favored 

the development of highly weathered, very deep, well drained and structured soil profiles. 

These soils, predominantly Oxisols, mainly consist of kaolinite, gibbsite, hematite, and 

goethite. Alternating wet and dry regimes also facilitated and induced further iron 

concentration and formation of indurated ferruginous crusts which dominates the cerrado 

landscape (Reatto ei cd. 1998). 

Seasonal fires, of wide distribution and impact, are important parts of the cerrado 
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ecology. Large amounts of herbaceous biomass accumulate during the rainy season and 

become an excellent source of flammable material during the dry season. In this case, the 

fire acts as a perfect decomposer, promoting the instantaneous oxidation of the organic 

matter, which accelerates mineralization and nutrient cycling. Such events temporarily 

increase soil fertility and minimize A1 toxicity (Coutinho 1990). According to Eiten 

(1993). the enomious environmental pressures imposed on the cerrado vegetation, due to 

strong seasonal variations, extreme soil nutrient impoverishment, high A1 toxicity and the 

widespread occurrence of fires, have resulted in a diverse range of phenological 

adaptation strategies and have made the cerrado one of the most floristically diverse 

regions of the Earth, with strong species-specific differences in foliar chemistry. 

The Cerrado vegetation may be divided into two major components: the 

arborescent / arbustive stratum dominated by woody vegetation and the herbaceous / sub-

arbustive stratum characterized by grasses, different herbs and minor occurrence of dwarf 

forms of shrubs and trees. Associations of different proportions of these two main 

structural vegetation types result in a physiognomic gradient ranging from the treeless 

open cerrado grassland to the dense cerrado woodland, which may be considered an open 

forest with minor occurrences of an herbaceous layer (figure 2) (Sarmiento 1983, Ribeiro 

and Walter 1998). Although this vegetation gradient tends to follow the macroclimate, 

other agents such as soil variation and drainage, local topography, depth to the water 

table, and fire frequency cause vegetation mosaics of distinct physiognomic types. 

The Cerrado vegetation may further be categorized in two distinct morpho-

flinctional groups. The first group consists of perennial species in which all above-ground 
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parts are entirely seasonal, but with permanent underground structures of different types. 

This couesponds to the perennial herbaceous / sub-shrub layer with short root system (< 

20 cm) which is susceptible to severe water stress. The second group is composed of all 

the woody species (trees, shrubs) that have permanent aboveground structures. Their long 

root systems (up to 20 m long) have access to the deep water table and prevents severe 

water deficits during the drought period. Most of the woody species are evergreen or 

semi-deciduous. Thus, leaf fall proceeds simultaneously with the development of a new 

leaf crop and the total green biomass may decrease during the dry period, but the trees 

never remain entirely leafless. 

According to Asner (1998). who investigated about 30 species occurring in the 

cerrado woodlands, varfations in the canopy reflectance are primarily driven by leaf angle 

variability (24" to 68"). followed by contributions trom foliar optical properties, and a 

minor contribution from leaf area index (3 - 6) variability. Thus, variations in the 

temporal response of the cerrado canopy are closely related to variations in canopy 

structure, leaf optical properties, and background contributions, causing a marked 

seasonal contrast. 

The distinct response of the cerrado vegetation to seasonal precipitation patterns 

and its spatial distribution was demonstrated by Almeida (1997) who analysed a lO-year 

precipitation and NDVI-AVHRR data set. Other studies have demonstrated the ability of 

temporal NDVT-AVHRR data sets to differentiate major biomes (e.g. Cerrado vs. 

Tropical Forest vs. Caatinga), differentiate among major cerrado types (arborescent vs. 

herbaceous), and to monitor a single physiognomy (e.g. cerrado grassland) (Batista ei aL 
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1993, Santos and Shimabukiiro 1993, Franca and Setzer 1998). 

Nevertheless, no attempts have been made thus far to utilize different vegetation 

indices to monitor the Cerrado vegetation. In addition, very little is known about the 

ability of Vis to differentiate the Cerrado physiognomies (e.g. cerrado grassland, shrub 

cerrado, wooded cerrado, cerrado woodland) at moderate to coarse scales (e.g. 250, 500, 

and 1000m resolutions), from converted areas. In this study, we assess the capability of 

both the NDVI and the SA\'! to effectively monitor the Cerrado and to discriminate 

among the major types of cerrado vegetation. .As these two indices are conceptually 

distinct, we also focus on their functional behaviour and specific responses to the Cerrado 

peculiarities. 

3. Data and methods 

In this research we utilized a 1995 (Feb 95 - Jan 96) AVHRR LAC dataset 

(NOAA 11 - Afternoon overpass) from the 1 Km AVHRR Global Land Data project. 

This data, provided by the U.S. Geological Survey - Eros Data Center (USGS-EDC), is 

atmospherically corrected for ozone and Rayleigh scattering and 10 day composited 

(maximum NDVI compositing) (Eidenshink and Faundeen 1994). 

The NDVI and SAVl indices were calculated from the composited, red and NTR 

single-band reflectance images (channels 1 and 2, respectively) as follows (equations 1 

and 2): 

NDVI = ( 1 )  
P SII&P Red 



5/1 V/« Re,/ x(| + z:) (2) 

where p\,H and p'^^j are the Rayleigh/Ozone corrected reflectances in the NIR and red 

bands, respectively. L is a canopy background calibration factor that normalizes 

differential Red and NIR e.xtinction through the canopy (Huete 198S). For this study, we 

assumed L = 0.5 which supposedly accounts for a wide range of vegetation densities. 

Note that in this processing, the maximum NDVl was utilized to select the "clearest" 

pixel over the 10-day compositing period, from which the SAVI was computed, which is 

different, from a maximum SAVI compositing scenario. It is our assumption, however, 

that the AVHRR converted SAVI would still carry SAVI properties, which are mostly 

based on the use of the "L" parameter. 

From these VI images, approximately 20 pixels were extracted for each 10 day 

composite over nine uniform sites, representing the major vegetation types and 

conditions. Due to persistent cloud contamination, especially during the "wet" season, 

only the red and NIR reflectances corresponding to the 3 maximum NDVI values for each 

composite were considered. 

The histogram distributions of the resulting view and illumination angles for the 

extracted pixels utilized in this investigation are shown in figures 3a. b. As can be seen, 

maximum NDVI compositing resulted in pixels distributed over a wide range of viewing 

geometry, with 80% of all data points within the -45/+45 range. When considering only 

the cerrado physiognomies, about 73.5% of the data fall within this range. The solar 

zenith angles of the composited pixels are mostly concentrated in the 20-45 degree range. 
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On a temporal basis, all the major land cover types (cerrado formations, forest 

formations, and converted areas) show the same illumination patterns, with maximum 

zenithal angles (45" - 55") occurring in the diy winter (June - July) and minimum values 

(20° - 25") occurring in the summer months (January - February) (figure 4). 

Site selection was primarily focused on the ability to encompass the major 

vegetation and land use types encountered in the Cerrado biome. The "true" cerrado 

formations are represented by the Emas National Park (ENP). the Brasilia National Park 

(BNP), and the Veadeiros National Park (VNP). Together, these three sites depict the 

transitions from the dominant herbaceous stratum (ENP) to the more complex, wood 

dominated.stratum (BNP and VNP). The dense cerrado woodland, commonly associated 

with lower latitudes and higher precipitation, is represented by the Araguaia National 

Park (ANP), located in the world's largest fluvial island (Bananal Island - Araguaia 

River). As this arborescent cerrado vegetation merges into the seasonal broadleaf forest 

vegetation types, we also included in our analysis a transition forest type (TF), located in 

the north portion of the Mato Grosso State, and a tme broadleaf open forest, represented 

by the Tapirape National Forest (TNF). located in the Para State. 

The minimally converted cerrado. mainly associated with extensive grazing on the 

shnib - scrub / wooded cerrado, is represented by a site (Grazing) situated at intermediate 

latitudes between the BNP and the VNP sites (about 200 km northeast from Brasilia). 

Intense cerrado conversions are represented by cultivated pastures (Pastures) and 

agriculture fields (Broadleaf Crops). The pastures considered in this study are found in 

the Araguaia River Depression region (Goias / Tocantins States border), where intense 
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cattle activity have transformed the prominent dense cerrado woodland formations into a 

grassland scenario. The agricultural fields are situated in the southwestern portions of the 

cerrado biome (Goias / Mato Grosso Slate border), in the vicinities of Emas National 

Park. These sites represent the conversion of the cerrado grassland (open cerrado 

grassland and shrub cerrado) into annual crops (mainly soybeans) (table 1; figures 2 and 

5). 

In order to better evaluate the temporal behaviour of the vegetation as well as the 

functionality of the NDVl and SAVl. data from the nine sites were categorized into five 

seasonal periods (Moreira andDias 1986. Oliveira 1998): (1) summer rains, from January 

through March (green peak); (2) drv winter, from April through August (deciduous 

behaviour, drying of the herbaceous vegetation); (3) end of the drought period. September 

(deciduous behaviour peak and intense flowering); (4) beginning of the rainv season -

October ("re-growth" of the ground vegetation, seeds dispersion, and recovery of the 

trees); (5) spring rains. November and December (growth peak of the recurrent 

vegetation). 

These temporal-based categories, mainly focused on the ecology and temporal 

organization of the vegetation communities, and not on their reproductive phenology, 

serve as a guide for comparisons of the seasonal patterns from the different Cerrado 

vegetation types. 

The results and discussions that follow first focus on the seasonal behaviour of the 

different vegetation types. In this case, we strongly rely on the NDVI and SAVI temporal 
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profiles, in which only the average V'l values for each month are plotted. The "dry 

season" VI variations observed in these profiles are depicted through (equation 3): 

MCLX.VI-SepLVl  

"Dry season" VI variation = Max.VI (3) 

while the VI variations due to the onset of green vegetation are expressed as (equation 4): 

"Wet season" VI variation = (4) 
Sept. VI 

The differentiation of these profiles (vegetation types) is assessed through hierarchical 

clustering, perfomied on both the NDVl and SAVI temporal extracts (36 composites). In 

this case, the studied sites arc compared via the Euclidean distance while the clusters are 

joined based on the complete linkage method (Davis 1986). 

Differences in NDVI and SAVI behaviour, as well as the type of information best 

depicted by each VI, were analysed with principal components (PCA), acquisition 

geometry dependencies, and individual red and NIR reflectance correlation assessments, 

in which two major temporal domains (wet and dry season) and seven vegetation classes, 

corresponding to the 3 major land cover and physiognomic / structural types, were 

considered. 

In the PCA, performed on both the NDVl and SAVI temporal extracts, the P^VI 

and SAVI derived eigenvectors and eigenvalues are based on a correlation matrix. 

Standardized PCs are supposed to minimize different sources of noise (e.g. differences in 

acquisition geometry, atmospheric contamination), and when considering the NDVI and 

SAVI, their differences in scale. 
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4. Results and discussion 

4.1 • Vegetation seasonal patterns and differentiation 

The NDVI and SAVI temporal profiles for the nine sites investigated are shown in 

figure 6. The maximum and minimum (September) VI values, along with their respective 

standard deviations, are shown in table 2. The seasonal VI variation, between dry and wet 

seasons (maximum and minimum), as well as the ^onset of green vegetation' measure 

between September and October (beginning of the rainy season) are also shown in table 

2. 

The contrasting seasonal behaviour of the cerrado vegetation is clearly seen in 

both the NDVI and SAVI temporal profiles for the "true" cerrado formations (figures 6a. 

b). High NDVI values, indicative of high photosynthetic activity and biomass 

accumulation are found in the summer rainy months, while the lowest NDVI values were 

encountered in the "drought end' period, characterized by significant water deficits and 

low green biomass. The cerrado grassland site (ENP), dominated by herbaceous 

vegetation and shallow root systems, sensitive to soil moisture variations, showed an 

earlier senescence and the largest seasonal variation in photosynthetic activity (table 2). 

This site also showed the largest variation in NDVI response from September to October 

(about 90%). Such significant recovery of the vegetation, characteristic of the grasslands, 

is related to the rapid release of nutrients accumulated during the dry season. The BNP 

and VNP sites, characterized by smaller seasonal biomass variations and the presence of a 

regularly distributed second woody strata, showed NDVI variations of 40%, while the 

vegetation green-up was marked by an NDVI response of about 6%. Nevertheless, the 
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NDVI values of the more developed VNP site were consistently higher than the NDVI 

values for the BNP site, where the wood vegetation stratum is not as prominent. The ENP 

site, with the most pronounced herbaceous layer showed intermediate NDVI values in the 

"wet" months and the lowest NDVI values during the dry season. 

The SAVI profiles (figure 6b) tend to depict similar variations in seasonal 

photosynthetic activity with maximum variations of the herbaceous. ENP site, and lower 

variations at the BNP and VNP sites. The ENP site showed a smaller seasonal SAVI 

contrast, compared with NDVI. but higher contrast for the dominant wooded vegetation 

of the BNP and VNP sites. Similarly. SAVI contrast values were slightly less for the 

onset of greenness period (September - October) at ENP. but higher at the other woody 

sites. BNP. VNP. 

In the forested formations, the well developed canopies are less influenced by 

seasonality and. both the NDVI and SAVI temporal profiles (figures 6c,d) displayed a 

more uniform behaviour. Maximum - minimum (September) NDVI variations for the 

ANP, TF, and TNF sites are about 14, 27. and 25%. respectively. As expected, the semi-

deciduous vegetation type, present in both the TF and TNF sites, showed slightly higher 

NDVI variations compared to the semi-deciduous and evergreen dense cerrado woodland 

formations present in the .^NP site. SAVI values showed the same patterns, with 

variations of 10,19. and 17 %. respectively. 

A marked characteristic in the NDVI forested temporal profiles is the higher 

responses during the dry winter months (June, July, and August), which are partly related 

to the larger solar zenith angles observed at this time of the year (figure 4). At large solar 
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zenith angles, more canopy and less soil are sunlit and VI values tend to be higher 

(Middleton 1991, van Leeuvven 1999). The NDVl ma.ximum value compositing tends to 

preferentially select pixels viewed in the forward direction, where NDVI values are 

greater. SAVI values tend to be lower in the shaded, forward scatter direction, and hence. 

SAVI did not increase over the dry \vinter period. 

In the converted sites, both the NDVl and the SAVI profiles (figures 6e,f) showed 

a clear distinction between the dry and wet season. The most distinct seasonal contrast 

was associated with the agricultural crops with dry winter variations in the NDVI and 

SAVI at 85 and 87 %. respectively. The very rapid decrease in the VI values, already 

observed at the end of the summer rains, may be attributed to the crop development peak 

in February, harvesting in April, and soil preparation, which may include fire practices, in 

the late winter months and eariy September. The high 'September - October' NDVI and 

SAVI increases, of about 203 and 162%. respectively, corresponded to the green-up of a 

new crop season. 

The cultivated pastures consistently showed higher VI responses compared to the 

shrub-scrub / wooded cerrado grazing. Dry winter NDVI variations correspond to a 

reduction in the photosynthetic activity of about 47 and 53 % for the grazing and pasture 

sites, while equivalent variations in the SAVI values were 50 and 58 %, respectively 

(table 2). Another characteristic depicted by both indices is the earlier senescence and 

faster green-up shown by the pasture site, which corresponds to a September - October 

NDVI and SAVI variation of about 27 and 49%, respectively. This is related to the 

predominance of grass in the pasture site. The grazing areas, on the other hand, where the 
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grass is partially overlaid by a woody stratum, the NDVI and SAVI variations for the 

same period are much smaller, of about 6 and 29%, respectively. 

A hierarchical cluster analysis was performed on the nine temporal profiles to 

determine which land-cover classes could be differentiated. The results from both NDVI 

and SAVI indicated three major discriminable domains, which included the cerrado 

formations and pasture sites, the forested areas, and the agricultural crops (figure 7). 

Nevertheless, at smaller cluster distances, the seasonal broadleaf forests (TNF and TF) 

are clearly separated from the dense cerrado woodland (ANP), the grazing site is 

primarily coupled to the dominant shrub - scrub / wooded vegetation found at the BNP, 

while the cultivated pastures are closer to the higher photosyntetic vegetation types found 

in the VNP site. 

Interestingly, when only the March and September composited NDVI and SAVI 

data are utilized, the clustering of sites follow the same pattern and only minor 

differences in cluster/case distances are observed. This demonstrates the dominant role 

played by the end of 'summer rains' (March) and 'drought end' (September) VI data in 

the discrimination of these vegetation types. 

4.2-VI Behavior 

Angular dependence 

The NDVI and SAVI temporal profiles are closely related, showing identical 

discrimination ability and similar seasonal patterns. However, differences in their 

temporal responses are also evident and it is of interest to determine if these are due to the 

surface conditions or the VI equation, sensitivities, and composite method- Differences 
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may be due to sensor view angle and solar illumination variations associated with the 

AVHRR data utilized in this study and the particular effects they exhibit on the NDVI 

and SAVI responses. The NDVI values were generally positively correlated with view 

zenith angles during wet and dry seasons, while SAVI values showed stronger negative 

correlations, especially during the wel season, (figures 8a-d). This "seasonal" bias is in 

part related to the predominance of forward scatter pixels during the dry season, while 

during the wet season months, backscatter pixels predominated (figure 9). 

With respect to solar zenith angles, both the NDVI and SAVI displayed positive 

correlations during the dry season. During the wet season months, however, the NDVI 

showed a negative correlation, while SAVI maintained a positive correlation (figures 8a-

d). In this case, the negative correlation observed with the SAVI between the solar and 

view zenith angles, which was significantly stronger during the wet season months, 

played a major role in determining the SAVI response to the solar angle variations (figure 

10). 

In order to estimate the extent to which the Vis dependency on the angular 

variations contributes to specific VI responses and therefore, to the temporal profile 

trends, both the NDVI and SAVT values were regressed against the corresponding view 

and view-solar zenith angles. The standard deviation for the original and predicted VI 

values, as well as for the residual values (i.e. VI„„„,„, - Vlp^i^,^^, were then calculated 

(figures lla-d). For a given time period (e.g. dry season) and vegetation category (e.g. 

pastures), the standard deviations were assumed to indicate the amount of variation in the 
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VI values, as well as the individual contributions due to changes in the vegetation 

conditions, and changes in the illumination and viewing parameters. 

As one could expect, tor any given vegetation category and temporal domain, the 

original Vis showed the highest standard deviation values, which tend to follow the 

variations observed in the temporal profiles. On the other hand, the predicted Vis, based 

on the viewing geometry, showed the smallest standard deviations, with the values 

tending to vary according to the absolute correlation between the Vis and the view zenith 

angles. Thus, the standard deviations associated with the predicted NDVl values were 

slightly higher during the dr>' winter months, when forward scatter pixels prevail, while 

the predicted SAVI values showed higher standard deviations during the wet season 

months. By contrast, the corresponding residual Vis, supposedly independent of the 

viewing geometry, showed much higher standard deviation values, in most cases, nearly 

identical to those of the original Vis. This cleariy suggests that the variations in the 

viewing geometry are not a major factor detennining the NDVI and SAVI temporal 

variations. 

Concerning the simultaneous solar-view zenith angle effects on the Vis temporal 

variations, the standard deviation values for both the predicted Vis and related residual 

Vis indicate that, during the dry season months, variations in both the NDVI and SAVI 

values were mainly due to actual changes in the vegetation. During the wet season 

months, the role of the combined solar-view zenith angles eventually surpassed the role 

attributed to the changes in the vegetation conditions. This was the case of the converted 

sites and SAVI profiles, in particular. Nevertheless, one can still argue that this 



36 

apparently greater VI dependence on the acquisition geometry is somehow expected and 

"natural", since the vegetation dynamics and variations in the solar illumination pretty 

much accompany each other. 

Based on the comparative analysis of the standard deviation values, we conclude 

that, in spite of the NDVl and SAVl dependency on the angular variations, the overall 

vegetation dynamics was the primarv- factor responsible for the variations in the VI 

responses and temporal profiles patterns. Thus, we can confirm that the satellite derived 

"phenology" is indeed capturing the seasonal variations uniquely occurring for each 

vegetation type. 

Principal Components .Analysis 

As different studies have demonstrated (e.g. Eastman and Fulk 1993, Hirosawa et 

III. 1996). the first two principal components tend to capture the accumulated greenness 

and the seasonal response of the vegetation, which are. respectively, the first and second 

major sources of variation in the vegetation signal. As observed in figure I2a. the 

loadings of the first "NDVI" and "SAVI" eigenvectors were consistently positive and 

nearly identical. The associated eigenvalues were 70 and 55%. Since the first component 

loadings are assumed to be primarily related to the spatial variation of the total 

photosynthetic activity, these similar values somewhat confirmed the clustering results, in 

which no major differences were found between the NDVI and SAVI regarding their 

ability to differentiate the vegetation types / sites considered. 

On the other hand, the second "NDVI" and "SAVI" eigenvectors, which clearly 

depicted the dominant seasonal contrast, showed striking differences (figure I2b). While 
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the loadings related to these two indices were, in absolute values, quite similar, the trends 

they defined, with respect to time, were reversed. For the "NDVl" second principal 

component, which corresponded to about 19% of the total information contained in the 

NDVI data set, negative loading values were predominantly related to the wet season 

months, while positive values were associated to the dry season months. Among the 

negative loadings, about 95% were related to the wet months, while 83% of the total 

positive "NDVl" loadings were related to the dry months. When considering the total 

loading on this "NDVl" component, the contribution from the wet and dr\' season months 

amounted to 58 and 32%, respectively. 

The "SAVl" second component, which contained about 24% of the total 

information in the SAVl dataset. showed, by contrast, the positive loading values 

associated to the wet season months. For this eigenvector, 90% of the total positive 

loadings were related to the wet season months, while 75% of the total negative loadings 

were related to the dry season months. 62% of the total loading on the "SAVl" second 

component corresponded to the contribution of the wet season months, while the dry 

season months contributed with about 25%. 

These numbers corroborated the ability of the principal components approach to 

capture the seasonal contrast of the Cerrado vegetation and indicated that the NDVI and 

SAVl responded differently to the major seasonal variations of the vegetation. Compared 

to the SAVl. the NDVl seemed to be slightly more sensitive to the variations taking place 

during the dry winter months. On the other hand, SAVl tended to show a slight higher 

response to variations in the vegetative cover occurring during the summer rainy months. 



Ked and NIR influences on the Vis 

As observed in figures 13a-d, the NDVI and SAVI showed opposite behavior in 

their correlation and sensitivity to the red and NIR reflectance values. For all seven 

vegetation categories, the NDVI showed a conspicuous and systematic negative 

correlation to the red reflectance values. These correlations, which were stronger for the 

dry season values, means that the darker a site (low red reflectance), the higher the NDVI 

response. On the other hand, much less significant correlation values were found when 

comparing NDVI and NIR values. Compared to the dry season months, wet season NDVI 

- NIR correlation values were substantially smaller. 

The SAVI values, by contrast, were positively correlated to the NIR, particularly 

during the wet season months. SAVI correlation to red, however, for any one of the sites, 

and for both dry and wet seasons, was significantly lower compared to the NDVI. As 

observed for the NDVI - red correlation. SAVI - red correlation was significantly poorer 

for the wet season months. 

These results, in accordance to the principal components analysis, suggest SAVI 

to preferentially respond to NIR variations, especially those occurring during the rainy 

season. In fact, the higher weight placed on the NIR reflectance also causes the observed 

stronger SAVI angular dependence, as opposed to the NDVI. 

The NDVL, on the other hand, heavily depended on changes in the red, 

particularly during the dry season. In this period, changes in the red values, especially at 

the "true" cerrado formations (e.g. ENP, BNP. and VNP sites), as well as at the pasture 

and grazing sites, may be somewhat related to alterations in background brightness. 
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caused by increasing litter, soil moisture variations, and more red Oxisols outcropping. 

Thus, there may be a chance that the NDVl responses, comparatively to SAVI. will 

increasingly reflect the canopy background contributions as the drying out of the 

vegetation advances. 

The high NDVI dependence on red, also suggests that this index, compared to 

SAVI, is likely to show more saturation effects, especially during the summer rains, when 

the red reflectance tends to saturate quicker than the NIR. The NDVI tendency to 

saturate, relative to SAVI. particularly noticed in the forested formations, can be observed 

in the SAVI - NDVI scatterplots (figures 14a-c). The NDVI - SAVI scatterplots, and 

respective correlation values, also indicated that the SAVI - NDVI differences become 

more pronounced during the wet season months. 

5. Conclusions 

•As we begin the EOS era, marked by more precise and accurate datasets, the 

limitations inherent in the use of the .A.VHRR sensor for terrestrial remote sensing 

become more evident. These include sensor uncertainties, coarse spatial resolution, and 

broad bandwidths, encompassing atmospheric absorption features, notably water vapor 

absorptions in the NTR region (channel 2). Additionally, in the composited AVHRR 

datasets. there is poor cloud screening, a large number of off-nadir pixels, and 

misregistration (Moody and Strahler 1994). 

Nevertheless, and in spite of these major drawbacks, the NDVI and SAVI profiles 

closely corresponded to the temporal dynamics of the natural and converted vegetation 

formations commonly encountered in the Cerrado biome. Even though, absolute VI 



values may fluctuate according to sensor and data characteristics (e.g. compositing 

method), and minor interannual variations in precipitation, the particular vegetation 

responses and temporal patterns discussed in this study should continue to be observed. 

Major differences in NDVI and SAVl responses to the strong cerrado seasonal 

contrast were obser\'ed in this study. NDVI was strongly coupled to red reflectance, while 

SAVl showed stronger coupling to the NIR. However, as these two indices showed 

similar results concerning the temporal / spatial discrimination of the vegetation types, it 

is not entirely clear, at this point, which VI concept should be preferentially utilized in the 

Cerrado biome. Such assessment, is at least, a twofold problem, and certainly, dependent 

on objectives. 

The .use of multiple indices should improve vegetation studies. It has been 

advocated that the NDVI should be more useful to investigate .APAR related canopy 

parameters, while SAVl and the recently available MODIS - EVI. would be more 

appropriate to analyse structural canopy properties (Epiphanio and Huete 1995, Huete et 

fl/.1997). 

Nevertheless, the NDVI tendency to saturate, which is likely to be even more 

pronounced with the MODIS data, due to its narrower red band, can not be neglected. In 

fact, initial evaluations of the MODIS VI products have clearly indicated NDVI 

saturation compared to EVI (Huete et al. 2000). NDVT is also more prone to show canopy 

background effects, which may be particularly problematic in the Cerrado biome, 

especially al those regions dominated by herbaceous and sub-arbustive vegetation, in 

which increasing background contribution to the detected signal may prevent correct 
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vegetation discrimination and monitoriniz. On the other hand, the apparent higher SAVT 

sensitivity to the sun and view zenith angle variations is also a major issue to be 

addressed when considering the seasonal monitoring of the vegetation. 

Three major spatial domains, with respect to both NDVI and SAVI temporal 

responses, including the "true" ceixado formations and pasture sites, the forested areas 

(seasonal broadleaf and dense cerrado woodland), and agricultural crops, were identified. 

The poor differentiation between the grazing and pasture sites from the herbaceous, 

arbustive, and wooded cerrado types is certainly behind our expectations and needs. 

Overgrazing of natural cerrado vegetation and widespread occurrence of cultivated 

pastures are the most severe threatens to the Cerrado. Thus, in order to effectively 

monitor and preserve this biome. improved identification and discrimination of the 

grazing and pasture areas ought to be pursued. 

A major thrust in this direction is likely to be achieved with the operational use of 

the MODIS 250m VI products, which tend to show less aggregation of the sub-pixel 

content and more information about the vegetative cover (Didan et at. 2000). Among 

other advantages of the MODIS VI products, it is also important to emphasize their 

compositing schemes, based on either a BRDF model or a constrained view maximum 

value composite (CV-MVC) (van Leeuwen et al. 1999). These, as opposed to the 

maximum value composite (MVC), cuaently applied to the NDVI - AVHRR datasets. 

ensure standardized or closer nadir-view reflectances, and therefore, a more predictable 

vegetation signal with less spatial distortion. 
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Table captions 

Table I - Selected sites and major characteristics. 

Table 2 -' 'maximum" and September a) NDVI. and b) SAVl values and variations. 
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Figure captions 

Figure 1 - The Cerrado (highlighted) and its relations to the major Brazilian biomes. 

Figure 2 - Vegetation gradients depicting the protlle of the major cerrado types (the 
Brazilian names are shown in parenthesis) - sketches modified from Ribeiro and Walter 
1998. 

Figure 3 - View (a) and solar (b) zenith angle histograms for the AVHRR extracted 
pixels. Note that the cerrado vegetation encompasses the cerrado physiognomies and the 
converted sites, while the forest category includes the dense cerrado woodland and the 
seasonal broadleaf types. 

Figure 4 - Solar zenith angle seasonal variation of the extracted pixels for the major land 
cover types: "true" cerrado formations, forested formations, and converted areas. 

Figure 5 - Average monthly precipitation for the studied sites (based on 10 years data). 

Figure 6 - NDVl and SAVI temporal profiles for the major land-cover types (i.e., 
cerrado fomiations. forested fomiations, and converted areas) and physiognomies. 

Figure 7 - Hierarchical cluster results, based on the 36 NDVI (a) and SAVI (b) 
composites, depicting three major land-cover domains: a) cerrado formations and pasture 
sites, b) forested areas, and c) agricultural crops. 

Figure 8 - Vegetation indices vs. solar and view zenith angle correlation values organized 
according to two major temporal domains - wet and dry seasons (a- dry season NDVI, b-
wet season NDVI, c- dry season SAVI, and d) wet season SAVI) - and seven vegetation 
categories, corresponding to the 3 major land cover and physiognomic / structural types: 
A) cerrado grassland, B) shrub / wooded cerrado, C) dense cerrado woodland, D) 
seasonal broadleaf forest. E) grazing, F) pastures, and G) crops. 

Figure 9 - Fraction of selected pixels with respect to the predominant viewing geometry 
(backscatler and forward scatter), according to the time of the year (wet and dry seasons) 
and land-cover types: A) cerrado grassland, B) shrub / wooded cerrado, C) dense cerrado 
woodland, D) seasonal broadleaf forest, E) grazing, F) pastures, and G) crops. 

Figure 10 - Solar x view zenith angles correlation, according to the lime of the year (wet 
and dry seasons) and land-cover types: A) cerrado grassland, B) shrub / wooded cerrado. 
C) dense cerrado woodland, D) seasonal broadleaf forest, E) grazing, F) pastures, and G) 
crops. 
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Figure 11 - Standard deviations for the original NDVI and SAVI values, predicted VI 
values, and related "residual" VI values. Data organized according to two major temporal 
domains - wet and dr\' seasons (a- dry season NDVI, b- wet season NDVI, c- dry season 
SAVI, and d) wet season SAVI) - and seven vegetation categories, corresponding to the 3 
major land cover and physiognomic / stnictural types: A) cerrado grassland, B) shrub / 
wooded cerrado, C) dense cerrado woodland, D) seasonal broadleaf forest, E) grazing. F) 
pastures, and G) crops. 

Figure 12 - NDVI and SAVI eigenvector structure for the first (a) and second (b) 
components. 

Figure 13 - NDVI and SAVI correlation to red and NIR reflectance values for both wet 
and dry seasons and seven land-cover types: A) cerrado grassland, B) shrub / wooded 
cerrado. C) dense cerrado woodland. D) seasonal broadleaf forest, E) grazing. F) pastures, 
and G) crops. 

Figure 14 - SAVI - NDVI scatterplots, considering both wet and dry seasons and seven 
land-cover types: a) True cerrado formations, b) Forested formations, and c) Converted 
areas. 



Table 1 • Selected sites and major characteristics 

Procipllation Data (mm) 

Site Name 
Approximate Center 

Location 
Major Land 
Cover Type Major Physiognomies 

Meteorological 
Station Location 

1995 10 Years Data 
Site Name 

Approximate Center 
Location 

Major Land 
Cover Type Major Physiognomies 

Meteorological 
Station Location Total Mln. Max. Annual Average 

Emas Nat. Part* (ENP) 1B°09'S/S2"54'W 
"True" 

Cerrado 
Formations 

Corrado Grassland 18°04'S/53°58'W 1928.6 0 575.6 1759.3 

Brasilia Nal. Park (BNP) 

Voadolros Nal. Pari* (VNP) 

15''40' S/47"58'W 

M'OO- S f 47°42' W 

"True" 
Cerrado 

Formations 

Shrub • Scrub / Wooded 
Cerrado 

Wooded / Woodland Cerrado 

15°40' S / 47"57' W 

14°08'S/47"30W 

1272.8 

1509.1 

0 

0 

273.8 

344.1 

1264.5 

1443 2 

Araguaia Nat. Park (ANP> 10"25'S/soils'W Dense Cerrado Woodland 10°09' S 1 48°53' W 1997.7 0 564.6 2142.3 

Transition Forest (TF) 11"l0'S/53"00'W 
Forested 

Formations 
Deciduous Broadloaf 10''47'S / 52''47'W 2083.9 0 452.2 2159.8 

Tapirapo Nat. Forest (TNF) 06°00' S 1 51''20' W Deciduous Broadleaf 06°03' 3 1 52"3T W 1925.7 1.5 357.3 1951.3 

Grazing Areas 

Pastures 

15''30'SM6''35'W 

12°50'S/50''25'W 
Converted 

Areas 

Shrub - Scrub 1 Wooded 
Corrado 

Grasses 

15°37'S/46"25'W 

13"16'S/50°10'W 

1172.5 

1744.5 

0 

0 

455.1 

464.6 

1321.8 

1793.2 

Agricultural Crops 18°24' S 1 52"42' W Broadlleal Crops 18''04'S / 53"58'W 1928.6 0 575.6 1759.3 
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Table 2a - maximum and September NDVI values and 
variations 

NDVI Values 

Sites 
Maximum VI Value September (drought 

end) % VI Variation 
Sites 

Average St. Dev. Average St. Dev. Max • Sept. Sept. • Oct. 

ENP 0.60 0.01 0.22 0.06 62.86 90.57 

BNP 0.53 0.02 0.32 0.06 39.92 5.52 

VNP 0.64 0.03 0.39 0.07 39.88 6.38 

ANP 0.72 0.01 0.61 0.05 14.54 -5.20 

TF 0.76 0.01 0.55 0.05 27.56 13.05 

TNF 0.76 0.02 0.57 0.06 25.11 -5.39 

Grazing 0.54 0.02 0.28 0.05 47.20 5.71 

Pastures 0.65 0.03 0.31 0.05 52.78 26.71 

Crops 0.78 0.03 0.12 0.03 85.04 203.02 
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Table 2b - maximum and September SAVI values and 
variations 

SAVI Values 
Sites Sites 

Maximum VI Value 
September 

end 
drought 

% VI Variation 

Average St. Dev. Average St. Dev. Max - Sept. Sept. - Oct. 

ENP 0.31 0.02 0.13 0.04 58.31 74.10 

BNP 0.31 0.02 0.16 0.04 46.96 15.30 

VNP 0.39 0.02 0.21 0.04 44.49 26.86 

ANP 0.36 0.03 0.32 0.05 9.61 8.42 

TF 0.37 0.01 0.30 0.02 19.52 32.76 

TNF 0.43 0.07 0.36 0.04 16.68 6.37 

Grazing 0.29 0.04 0.14 0.02 50.56 28.73 

Pastures 0.38 0.03 0.16 0.02 58.26 49.22 

Crops 0.55 0.04 0.07 0.02 86.87 162.05 
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Abstract 

The Brazilian Cerrado ecosystem comprises a vertically structured mosaic of 
grassland, shrubland. and woodland and presents a distinct seasonality in its phenological 
cycle. The use of spectral vegetation indices to monitor such seasonal dynamics in the 
Cerrado biome was investigated in this study. A dry and a wet season aircraft-based 
radiometric data and corresponding field biophysical measurements were obtained over 
the Brasilia National Park, a representative site of the Cerrado biome. The Modland 
Quick Airborne Looks (MQUALS) package, consisting of a spectroradiometer and 
digital camera, was flown on May 5 and July 18, 2000 (wet and dry seasons, 
respectively) and provided top-of-canopy. nadir reflectance values. The 
spectroradiometric data was convoluted to the MODIS, AVHRR, and ETM^ bandpasses 
and converted to the Normalized Difference Vegetation Index (NDVI) and the Enhanced 
Vegetation Inde.x (EVl). EVI. compared to the NDVI, showed a better response to the 
seasonal dynamics of the Cerrado region, and was minimally affected by distinct 
simulated atmospheric scenarios, while the ETM" Vis presented the best discrimination 
capability between wet and dry season. Such results suggest the use of the EVI to 
significantly improve our ability to monitor the dynamics of the Cerrado vegetative 
cover, and indicate a potential synergism between the MODIS and ETM^ VI images. 
However, as the differences between the MODIS and ETM' VI values tended to vary 
with land-cover type and vegetation conditions (i.e. dr\' x wet seasons), the development 
of inter-sensor VI translation equations is cleariy necessary. 

1. Introduction 

The Brazilian Cerrado. the largest region of neotropical savanna vegetation, 

covering approximately 45% of South America, and amongst the most humid of all the 

world's savannas, comprises a vertically structured mosaick of grassland, shrubland, and 

woodland. A major characteristic of the Cerrado biome is the conspicuous seasonal 

contrast obser\'ed in the precipitation between the dry and rainy seasons, a determinant 

factor in the Cerrado distribution (Sarmiento 1983, Fudey 1999). Approximately 90% of 

the rainfall is concentrated during the months of October through April. During the dry 

season, air humidity is very low (below 20% in August and September) and rainfall may 

be zero in some months (Castro er aL 1994). 
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Such strong seasonal variations, associated with extreme soil nutrient 

impoverishment, high A1 toxicity, and the widespread occurrence of fires have imposed 

enormous environmental pressures on the Cerrado, which result in a diverse range of 

phenological strategies and made the Cerrado a unique and extremely rich center of 

biodiversity (Ratter et al. 1996, Ratter ei al. 1997). 

Unlike drier savannas, the majority of the cerrado trees and shrubs metabolize 

throughout the year, drawing on soil water reserves or moisture stored within rooting 

depth, and are mesophyllous. lacking a distinctive leaf drop. In addition, protective barks, 

thick xeromorphic leaves, and an extensive lateral and vertical root network, also provide 

adaptations to the seasonal rainfall. Grasses also recover rapidly from protected lower 

stems while many plants have underground lignotubers permitting swift growth at the 

onset of the rains (Eiten 1993). 

Nevertheless, there is evidence suggesting that in this rather unusual ecosystem, 

in which proportions of and Ca species vary according to the precipitation pattern, 

seasonal variations in rainfall may induce large seasonal fluctuations in energy, water, 

and carbon fluxes (Grace 2000). Measurements of vertical CO: within the canopy of a 

dense cerrado woodland, situated in the Cerrado / seasonal Tropical Forest ecotone 

region, show this vegetation type to behave as a carbon source during the dry-wet season 

transition (October-November), and as a carbon sink for the rest of the wet season, with 

CO2 accumulation increasing from February through April (Vourlitis et al. 2000). The 

more common cerrado. stricto sensu (dense scrub of shrubs and trees, 8-lOm high, with a 

grass understory), on the other hand, is thought to behave as a substantial carbon dioxide 
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sink during the wet season and only briefly as a carbon source during the dry season 

peak. The result is a net ecosystem flux, from the atmosphere to the vegetation, of about 

2.1 t C / ha / year (Miranda ct at. 1997. .Vlonteiro 1995). Estimations of the capacity of 

the Ceixado ecosystem to sequester and store carbon dioxide greatly depend on our 

ability to understand and capture the distinct seasonality in its phenological cycle. 

In this study, the seasonal dynamics of the Cerrado vegetation are investigated 

from a remote sensing perspective, with the use of airborne derived spectral vegetation 

indices (Vis). We analyzed the seasonal behavior of the MODIS Vis. which include the 

well known Nornializecl Difference Vegetation Index (NDVI), produced to extend the 

AVHRR-NDVl datasets. and a new index, the Enhanced Vegetation Index (EVl), 

resistant to atmospheric and canopy background effects (Huete et al. 1997. Justice et al. 

199S. Huete et al. 1999a). We further compared the MODIS VI data products with both 

the ETM" and AVHRR band-pass filters generated Vis. 

2. Experimental design 

2.1 • Study area 

The results presented in this study are based on two intensive field campaigns 

conducted at the Brasilia National Park (BNP), from April 16"" through May 5"' (wet 

season) and fi-om July 17"^ through July 20"* (dry season). The BNP, the largest Large 

Scale Biosphere-Atmosphere Experiment in .Amazon (LBA) core site in the Cerrado 

biome, comprises an area of aproximately 30,000 ha and is located in the northern 

Federal District, Brazil, between 15"35' and 15°45" south latitude and 47''53' and 48°05' 

west longitude (figure I). The BNP encompasses the major true savanna formations 
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encountered in the cerrado biome, inckiding the transitions from the dominant herbaceous 

stratum (savanna grassland and shrub savanna) to the more complex, woody dominated 

stratum (wooded savanna and the savanna woodland) (Ribeiro and Walter 1998). Figure 

2 shows the monthly precipitation patlem, marked by a drastic seasonal contrast, 

observed at the BNP for the years of 1999. 2000, and the average of the last 10 years. 

2.2 - Field data 

The data presented and analyzed in this paper was obtained with the Modland 

Quick Airborne Looks (MQUALS) package, consisting of a spectroradiometer'. 

operating within the range. 269 to 1068 nm. at 1.6 nm interval and with 2.5 nm spectral 

resolution, and a visible digital camera (Huete et al. 1999b). Both instruments were 

attached to an ultra-light aircraft and flown over the study area on May 5 (wet season) 

and July 18 (dry season) to provide top-of-the canopy, nadir reflectance values and digital 

images over each of the major true cerrado formations (cerrado grassland, shrub cerrado, 

wooded cerrado, cerrado woodland), and over a forest formation (gallery forest). 

The ultra-light flew at about 200m above ground level, under negligible 

atmospheric influences, at an average speed of about 25m / sec., so that all the five sites 

could be sampled within a one-hour interval, with wet and dry season nominal sun angles 

of 41" and 44'\ respectively. The spectroradiometer sampled with a 10"-view and 

integration time of 68 msec, recording an average of three readings every three seconds. 

This resulted in atmosphere free spectral data with an approximate ground field of view 

(GFOV) of 35m and adjacent measurements at about 25m apart. 

' - HandHeld FieldSpec (.\nalytical Spectral Devices. Inc.. Boulder. Colorado) 
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Two onboard GPS enabled the iiitra-light to precisely fly over the desired flight 

lines, coincident with the 250ni ground transects established at the four true cerrado 

formations (figure 3). Over these transects, and over the gallery forest as well, a 

minimum of 11 spectral profiles and four digital images were obtained. Ground 

measurements included height and spacing of both the herbaceous and arburstive / 

arborescent layers, as well as % cover estimations, in which "cover" points (e.g. green 

grass, standing litter, woody plants, bare soil) were recorded at every Im. Percent green 

cover estimations were also based on the aerial nadir look visible digital images, as well 

on digital pictures taken along the transects, at every 10m, from Im ("understory" view) 

height. These images were then split into their single RGB bands, which enabled a 

comparison of the green signal, on a per pi.xel basis, against the red and blue responses. A 

digital pixel was considered to represent green vegetation whenever its green DN value, 

re-scaled by a certain threshold*, was simultaneously greater than the blue and red DN 

values. 

2.3 • Reflectance retrieval and analysis approach 

The retrieval of top of canopy reflectances was accomplished by ratioing the 

spectroradiometer voltage output to that obtained over a calibrated reflectance standard. 

A weighted average of spectralon panel readings at the beginning and end of each flight 

was utilized to compute reflectances: 

_ - / f\ 

" - For the pictures taken at Im height, threshold values were 0.98 for both wet and dry seasons, while for 
the aerial pictures, thresholds of 0.98 and 1.0 were utilized, respectively, so that inherent differences in 
brightness could be accommodated. 
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where /?, is the reflectance at wavelength /t.. are the digital numbers of the target 

reading, D,,, and , are the digital numbers of the standard white plate readings before 

and after the flight, respectively, at wavelength /I,. and j is the true reflectance of the 

white plate. and are the weights to linearly interpolate the white plate 

reading at time i of the target reading from the two white plate readings, before and after 

the flight. The two weights. and ^£^,, ,(0 were obtained through: 

— ^ . a n d =  ( J )  

where and /^are the average times for the after and before flight white plate readings, 

respectively, and i is the acquisition time for ,. 

The atmospheric free, nadir looking spectroradiometric data were then convoluted 

to the MODIS. ETM*. AVHRR (NOAA 11) band-pass filters (table I) and converted to 

the normalized difference vegetation index (NDVI) and the enhanced vegetation index 

(EVI) according to the following equations: 

A/DK/=^-HZ£2£± (i) 
Red 

£VI=z 
Prci/ ^zPniiiJ 

where L is a canopy background calibration factor that normalizes differential Red and 

NIR extinction through the canopy, and Ci and Ci are coefficients accounting for 

atmospheric aerosol effects. In this study. L. Ci, and C2 were 1, 6, and 7.5, respectively. 

G is a gain factor, equal to 2.5. 
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The seasonal variation in the VI response, as well as in the % green cover, were 

accounted by: 

VoSecisonal Variations= (tt'ei Season,, - Dry Season,,,,,)* 100 (5) 

I'Vei Season... -Dr\- Season,,. ,.f.. 
%Seasonal Vcirianons,,„,,^^,,^^^^^^^^^^ =( ^ i±^:iii)MOO (rt) 

l-Ke/ Season,J-, ̂ 

While the "simple differences" (i) give the absolute seasonal variations, the 

"relative differences" (6) allow a direct comparison across properties (%GC vs. VI 

response). VI equations (NDVI vs. EVI). and sensors (MODIS vs. ETM^). 

The amplitude in VI values, from bare soil to the densest vegetation type 

encountered at BNP (gallers' forest), and assumed to indicate the ability of each VI type 

(e.g. MODIS NDVI) to distinctly respond to the major cerrado land cover types, was 

estimated through: 

VI - VI yt * ma\ mm / Tj 

ampliuuk' 
tucnn 

We evaluated the sensitivity of the VI equations to their single reflectance values 

(i.e. blue, red, and NIR), across seasons and across land cover types, by taking their 

partial derivatives: 

dNDVI 

^Psm ^Pm Pmi) 
( 8 )  

cNDVI ^ -IPstR 

^Pra, (P StR 
(9) 
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^ = [ ^]:^2.5 (10) 
^hhic (P.um '^^\Pri;l ~^lPhlw 

^ ~ ^ ~ Afa- "*" ^' J* -I ^ 
'^ral ^P\m '^^iPml ~^IPMIK "*" ") 

5EVI (1^C.)A....-C,A,„..^^ J.. -

^,v« (/'.vw •*'^iA«/ ~^IPmuc ^) 

In order to circumvent the differences in dynamic range between NDVI and EVl 

and differences in magnitude among the reflectance values (e.g. blue vs. NIR). we 

analyzed the partial derivatives of the log of the functions; thus, the function value at a 

certain point is taken into account and the derivatives can be directly compared; 

g(log[/]) c/, 1 ^ o(log[P7]) m ,1 

^ f ^Pml.bliic.StR ^Pblue, rat SIR 

3. Results and discussion 

Some of the parameters depicting the structure and condition of the cerrado 

physiognomies considered in this study are shown in Table 2, while the respective ground 

and aerial views, for both wet and dry seasons, are shown in figure 4. A major 

differentiation criteria among these vegetation types is the continuous and systematic 

increase in the woody layer % cover as one goes from the cerrado grassland up to the 

gallery forest. A similar trend is observed for the landscape % green cover values 

(comprising a footprint of about 50m), for both the wet and dry seasons. By contrast, the 
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absolute and normalized seasonal differences in % green cover values at the landscape 

scale decreases from the cerrado grassland (22 and 54%, respectively) to the gallery 

forest (5 and 6%. respectively). Such decreases, however, are not continuous, being rather 

abrupt among the three major vegetation domains: forested (gallery forest), woody (wooded 

cerrado and cerrado woodland), and herbaceous (cerrado grassland and shrub cerrado). 

Opposite trends are observed for the understory % green cover values, which tend 

to decrease, for both wet and dry seasons, from the cerrado grassland to the cerrado 

woodland, while the seasonal variation, as measured by both the simple and relative 

differences tends to increase. 

The differences among these cerrado types are also observed in their respective 

spectral signatures, which also indicate the existence of three major physiognomic 

domains. During the wet season, the sharp absorption features in the red wavelength 

region (around 645nm) and the high reflection feature in the NIR region (around 825nm) 

become more prominent as the amount of green vegetation and woody layer increases 

(figure 5a). Although similar trends can still be obser\'ed for the dry season signatures, 

there is a significant reduction in the red-NIR contrast for the cerrado formations (figure 

5b). This reduction in red-NIR contrast and decrease of the red-NIR edge are caused by a 

significant reduction in the photosynthetic activity as well as an accumulation of senesced 

material, in particular standing litter within the herbaceous layer. 

3.1 -MODIS Vis 

The distinct characteristics of the Cerrado vegetation types become more evident 

with the MODIS VI responses (figures 6a,c). For both seasons, the VI values tend to 
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increase from the cerrado grassland to the gallery forest. A minor exception to this trend 

relates to the shrub cerrado, which had slightly lower VI values during the dry season, 

and a lower EVI value during the wet season, when compared to the cerrado grassland. 

NDVI seasonal variations, as measured by the simple wet-dr>' difference, slightly 

increased from cerrado grassland to shrub cerrado to wooded cerrado and to cerrado 

woodland, while EVI seasonal responses were nearly constant through the same sequence 

of cerrado types (figure 6d). The simple seasonal difference in VI response over the 

gallery forest was significantly lower than that observed for the cerrado formations 

(figures 6b,d). 

The seasonal variations in V\ values, as measured by the relative difference (eq. 

6). showed a decreasing trend in both Vis as the woody layer increased. Thus, the VI 

response of the herbaceous dominated physiognomies (e.g. cerrado grassland and shrub 

cerrado) had maximum seasonal variations (as high as 38%), as opposed to the 

completely dominated wooded physiognomy (e.g. gallery forest), which had VI 

variations as low as 8% (figures 6b.d). Such a variation pattern in VI response is 

attributed to the more developed woody layer possessing a higher capacity to buffer the 

seasonal changes taking place, mainly at the understory level (table 2). 

The VI seasonal variations could also be grouped into three major physiognomic 

domains, i.e. herbaceous, woody, and forested, as was shown in Table 2. Interestingly, 

the relative seasonal responses of both NDVI and EVI for the herbaceous dominated 

physiognomies (i.e. cerrado grassland and shrub cerrado) are lower than the 

corresponding relative differences in % green cover values at the landscape scale, while 



for the woody formations (i.e. wooded cerrado and cerrado woodland), NDVI and EVI 

show larger relative variations (table 2). For the gallery forest, relative seasonal variations 

are nearly the same for both EVI and % green cover, while NDVI shows slightly higher 

variation. Overall, seasonal variation as depicted by the landscape % green cover varies 

from 54% to 6% (table 2). while NDVI goes from about 29% to 12% and EVI goes from 

36% to 8%. 

From figures 6c.d. it is also apparent that the EVI seasonal responses over the 

cerrado formations, compared to NDVI. are always higher. As indicated by figures 7b.c. 

the higher EVI seasonal response may be related to this index higher sensitivity to the red 

and NIR bands. In the case of the gallery forest, an exception by any account, the lower 

Eyi seasonal variation seems to be the result of 3 combined factors: a) higher NIR values 

during the dry season, b) nearly identical red relative impacts across seasons, and c) a 

much higher NIR impact on the EVI algorithm, which seems to be season invariant as 

well (figure 7c). 

With respect to the EVI sensitivity to blue (figure 7a), this seems to be nearly 

invariant to the season or vegetation types being considered. This may be a suggestion 

that the blue impact, although not negligible, is not a major player in determining the EVI 

behavior across seasons or land-cover types. 

3.2 •lnter*sensor Vis comparison 

As observed in figures 8 and 9, the ETM" and AVHRR Vis, compared to 

MODIS, show identical wet and dry season patterns and seasonal variation trends. 

Nevertheless, one should note that, in both absolute and relative sense, the seasonal 



response of the ETM" Vis are consistently higher than that observed for the MODIS Vis, 

while the AVHRR NDVl shows lower responses. 

The observed differences in seasonal response between MODIS and ETM+ and 

between MODIS and AVHRR Vis follow the vegetation gradient, becoming less 

prominent over denser canopies (figure 10). and are related, through different 

mechanisms, to the Vis sensor dependency, as the red and NIR reflectance values differ 

among sensors due to bandwidth and position and are characterized by different band

pass fillers. 

An apparent effect of such sensor dependency is the systematic lower values 

shown by the ETM' and AVHRR Vis. for both wet and dry seasons. In the case of the 

ETM"". lower VI values compared to MODIS can be primarily attributed to the closer 

proximity between the ETM* red and NIR band-centers, which result in lower VI values 

over a bare soil region (for a demonstration, refer to appendix I and figure II). Since for 

the cerrado formations, and in particular for the herbaceous dominated ones (i.e. cerrado 

grassland and shrub cerrado), the soil is always an important component of the detected 

signal, the lower ETM' VI value over a bare soil region will affect the VI values over 

vegetated areas as well. 

On the other hand, as the role played by the soil on the detected signal depend on 

both the condition and amount of the vegetation cover, the relative differences between 

the MODIS and ETM' Vis will be higher during the dry season and show an overall 

decrease from the cerrado grassland to die gallery forest (figure 12). For the same 

reasons, the relative differences in seasonal response between the ETM^ and MODIS Vis, 
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particularly noted for the NDVI, will decrease from the cerrado grassland to the gallery 

forest (figure 10). 

Interestingly, the differences between the MODIS and AVHRR NDVI vary 

otherwise, being lower during the dry season, and showing an overall increase from the 

herbaceous dominated formations to the gallery forest (figure 13). Although the largest 

AVHRR red-NIR band-center distance results in the highest NDVI value over a bare soil 

region, and thus, in higher dry season NDVI values over the cerrado grassland and shrub 

cerrado, compared to the ETM" NDVI. two other major factors need to be considered in 

explaining the behavior seen in figure 13. 

One is the water vapor effect on NIR, which always lower the NDVI value 

regardless the amount of vegetation. These effects, especially felt in the AVHRR band 

and completely avoided in the MODIS NIR. are significantly reduced during the dry 

season, thus contributing to diminish the MODIS-AVHRR NDVI discrepancies. 

The other is the considerably broader AVHRR red bandwidth, which includes 

some part of green as well as red-edge wavelengths. This leads to higher red-band 

reflectance values than ETM~ and MODIS. This broadband effect, independent of the 

water vapor and soil contributions, is particularly felt over densely vegetated targets. 

Thus, the tendency of the MODIS - AVHRR NDVI discrepancies to become more 

prominent as one goes from the cerrado grassland to the gallery forest. On the other hand, 

as the dry season increase in red reflectance values is significantly smaller for the 

AVHRR red band, both the red and NDVI MODIS-AVHRR discrepancies will be 

reduced during the dry season (tables 3 and 4). 



With respect to the Vis amplitude, for the wet and dry seasons, both the ETiVf 

Vis, in general, and the EVI, in particular, will show higher values, compared to the 

MODIS Vis NDVI, while the AVHRR NDVI shows the lowest amplitude values. In 

addition, for all the Vis, higher amplitudes are found in the dry season (figure 14). Such 

patterns, which clearly reflect and support the observed Vis seasonal variation and their 

relative sensitivities to the single reflectance bands, is also directly related to the lower 

"starting point" shown by the ETM* Vis (i.e. lower values over a bare soil region), and 

the overall lower red-NIR contrast observed in the simulated AVHRR datasets, 

respectively. 

3.3 • Atmospheric effects on the NDVI and EVI seasonal responses 

The atmospheric radiative properties over the Cerrado region show significant 

seasonal variation (Kaufman eicil. 1998). due to the widespread occurrence of fires every 

dry season (Coutinho 1990. Nepstad et al. 1997. Ferreira ei al. 2000) and the high 

combustion factors (i.e. how much is burnt) of the Cerrado physiognomies (Ward et al. 

1992, Kauffman et al. 1994, Kirchhoff and Alvala 1996). 

On the other hand, the great spatial and temporal variation of the optical thickness 

and aerosol properties make the atmospheric correction of remote sensing data a difficult 

and incomplete task. Even in the case of the MODIS retrieved surface reflectance data, 

the effects of residual aerosols are likely to be felt, since the aerosol product is based on 

much coarser resolution (-- 20km), compared to that of the MODIS VI products (i.e. 250, 

500, and 1000m) (Vermote et al. 1997a). 
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Thus, the seasonal responses of the spectral vegetation indices are likely to vary, 

according to the dominant atmospheric scenario in both the wet and dry seasons. Such 

effects were evaluated through two levels of atmospheric turbidities simulated over the 

previously obtained band reflectances of each sensor, based on a continental aerosol 

model (wet season) and a dynamic biomass burning model (dry season) (Lenoble and 

Brogniez 1984). for visibility levels of 10 and 100 km. The atmospheric simulations 

applied to the convoluted MODIS. AVHRR, and ETM' reflectance bands were 

conducted with the 6S radiative transfer model (Vermote ei al 1997b), assuming a water 

vapor and ozone content of 3 g/cm' and 0.247 cm-atm (wet season), and of 2 g/cm" and 

0.247 cm-atm (dry season) respectively, while for the geometrical condition we used 

constant solar zenith angle of 41" (wet season) and 44" (dry season) and a nadir view 

angle. 

The simulated at-sensor top-of-atmosphere (T0.\) reflectances were then 

Rayleigh and ozone corrected, which resulted in "corrected" surface reflectances with 

distinct aerosol residuals (Tanre et al. 1992). 

Based on the above atmospheric simulations, EVI and NDVI values, for both wet 

and dry seasons, and for the MODIS. AVHRR, and HTM"" bandpasses were computed 

and the "normalized" seasonal differences, taking into account four wet-dry season 

scenarios (e.g. continental model, 100km visibility vs. dynamic biomass burning, lOkm 

visibility), estimated. 

Overall, the EVI relative seasonal responses, regardless of die atmospheric 

scenarios, are minimally affected, showing a maximum increase of 3% over the shrub 
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cerrado. and a decrease of about 7% over the gallery forest. The NDVl seasonal 

responses, by contrast, can increase up to 30% and decrease as much as 25% over the 

shrub cerrado and gallery forest, respectively. As seen in table 5, the atmospheric effects 

on the Vis seasonal response is clearly sensor dependent, showing less impact on the 

MODIS bandwidths. while being most prominent on the AVHRR bands (figure 15). 

One also should note that, in spite of the changes induced by distinct aerosol 

loadings and atmospheric scenarios in the seasonal response of Vis derived from distinct 

sensor band-pass filters, the seasonal patterns defined by the atmosphere free Vis are 

consistently preserved. Thus, regardless of the atmospheric conditions considered, the 

Vis seasonal responses can still be grouped according to the three major vegetation 

domains (i.e.. herbaceous, woody, and forested), and an overall decrease in the seasonal 

response can still be observed as one goes from the cerrado grassland to the gallery 

forest. 

4. Concluding remarks 

The correct identification of the seasonal dynamics of the vegetation cover is of 

fundamental importance for understanding the functioning of ecosystems on a global 

scale. It also plays a key role in the implementation of sustainable development practices, 

besides being a critical input for modelling and understanding global change processes 

(Tucker and Sellers 1986. Sellers etciL 1994). 

This is certainly the case of the savannas, a major component of the world's 

vegetation, which respond for about 30% of the terrestrial primary production (IPCC 

1990), and of the Brazilian Cerrado in particular, the second most important biome in 
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South America and markedly seasonal in its phenology. In spite of its potential to 

influence the regional and possibly global energy, water, and carbon balances, the 

Cerrado has been subject to the most rapid land conversion in Brazil exceeding that over 

the tropical forests (Skoie ei al. 1994. Sano et iil. 2000). 

In this study, the seasonal dynamics of the Cerrado vegetative cover were 

investigated with the use of spectral vegetation indices derived from a dry and wet 

season, aircraft-based radiometric data collected over the five major physiognomies 

encountered at the Brasilia National Park. Although primarily focused on the seasonal 

response of the MODIS Vis, the ETM" and AVHRR bandwidths and their respective Vis 

were also considered in our analysis. 

The seasonal responses of these Vis corresponded to three major physiognomic 

domains: herbaceous (cerrado grassland and shrub cerrado), woody (wooded cerrado and 

cerrado woodland), and forested (gallery forest), and varied in magnitude according to 

the VI algorithm and sensor bandwidths. 

Larger relative seasonal differences in VI values were observed for the EVI over 

the tnie cerrado formations (i.e. cerrado grassland, shrub cerrado, wooded cerrado, and 

cerrado woodland), while over the gallery forest, which can be taken as representative of 

the isolated forest formations occurring all over the Cerrado region, the NDVI showed 

greater seasonal variation. As demonstrated, the more prominent relative seasonal 

responses shown by EVI can be attributed to this index's greater sensitivity to the single 

reflectance bands. 



With respect to the different sensors and respective bandwidths and locations, the 

ETM' Vis. compared to MODIS, showed systematic larger seasonal variations, that is 

primarily related to the closer proximity between the ETM^ red and NIR band-centers. 

The AVHRR NDVI. on the other hand, showed the smallest variations and the lowest 

"contrast" in the seasonal responses, due to the considerably broader red bandwidth and 

significant water vapor effects on the NIR band. 

The effects of simulated atmospheric scenarios and aerosol loadings on the Vis 

seasonal response was particularly felt on the NDVI. The EVI. by contrast, resistant to 

atmospheric effects, was quite successful in minimizing atmospheric induced changes in 

VI values and respective seasonal responses. As expected, the effects of residual aerosol 

loadings were also strongly "bandwidth" coupled. Thus, the largest changes in seasonal 

responses were observed for the AVHRR NDVI. followed by the ETM' Vis. 

Based on the results shown in this study, one can affirm that the use of the 

MODIS VI products, and of the MODIS EVI in particular, should significantly improve 

our ability to consistently and more precisely detcct changes in the Cerrado vegetative 

cover. In addition, one can expect the ETM^ imagery, transformed to EVI values, to 

effectively complement and extend the functionality of the coarser resolution MODIS 

datasets. 

Caution and further investigation, however, are still necessary before attempting 

inter-sensor comparisons. As pointed out by this study the differences among the 

MODIS, AVHRR, and ETM" Vis will vary according to the land cover type and the 
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vegetative cover conditions, thus indicating the need for inter-sensor VI translation 

equations. 

Only then, we will be able to make full use of the numerous remote sensing 

systems orbiting the earth to monitor and study the cerrado vegetation, from a local to a 

more regional perspective. In addition, a true continuity will be achieved between present 

and historic datasets (e.g. .WHRR. MSS). allowing us to draw a more complete and 

accurate picture of the transformations occurring in this biome. 
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Appendix I - VI response over a bare soil region: the effect of the red - NIR band 

positioning 

Based on the figure 1 K the following relationships can be established: 

a) r = ax + h (hypotherical soil line) 

^ y .\iR ~ 

b) thus, the "soil" NDVI equation can be rewritten as: 

>'v/«+rr„/ "(-Vv//, +-V,„,) + 2/3 

c) assuming = 2.v„. where .v„ is the center of , we have; 

\rr\i/r tt2A.V|, ^ N D V I ^ =  = >  .  w h e r e  A.v„ is 
lax,,+2h cix.,-rh l.Vv«-A-„ 

v«-V„ 
A.V,, 

d) if.v„ is fixed and Ax„ is the only parameter, smaller Av,, (ETM+ case, 

comparatively to MODIS). smaller will be the "soil" NDVI; 
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Table captions 

Table 1 - MODIS, ETNr. and AVHRR bandpasses and respective band-pass filters. 

Table 2 - Structure and conditions of the major physiognomies at the Brasilia National 
Park (BNP). 

Table 3 - MODIS, ETM^, and AVHRR red and NIR values and respective seasonal 
variations. 

Table 4 - red and NIR differences between MODIS and ETM" and between MODIS and 
AVHRR sensors. 
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Figure captions 

Figure I - The major Brazilian biomes and location of the study area. 

Figure 2 - Average monthly precipitation at the Brasilia Nat. Park (BNP) for 1999, 2000, 
and for the last 10 years. 

Figure 3 - Ultralight path over the Brasilia Nat. Park (BNP) and over the five vegetation 
communities investigated in this study. The data-sampling scheme is highlighted for the 
shrub cerrado site. 

Figure 4 - Ground and wet and dry season aerial views of the major vegetation types 
found at the Brasilia National Park. 

Figure 5 - .•\verage spectral signatures of the five physiognomies investigated in this 
study for both wet (a) and dry (b) seasons. 

Figure 6 - MODIS Vis for the five investigated physiognomies and over a bare soil 
region: a) wet and dry season NDVI values: b) absolute and relative seasonal differences 
in the NDVI values; c) wet and dr>' season EVl values:d) absolute and relative seasonal 
differences in the EVl values. 

Figure 7 - MODIS Vis relative sensitivity to the single reflectance bands present in their 
formulation: blue (a), red (b). and NIR (c). 

Figure 8 - ETM* Vis for the five investigated physiognomies and over a bare soil 
region: a) wet and dry season NDVI values; b) absolute and relative seasonal differences 
in the NDVI values; c) wet and dry season EVl values; d) absolute and relative seasonal 
differences in the EVl values. 

Figure 9 - AVHRR NDVI for the five investigated physiognomies and over a bare soil 
region: a) wet and dry season NDVI values; b) absolute and relative seasonal differences 
in the NDVI values. 

Figure 10 - Relative differences in the Vis seasonal responses between MODIS and 
AVHRR and between MODIS and ETM^ for the five investigated Cerrado 

Vf -VI . 
physiognomies (Re/ar/Ve Differences = —, where VIV,ODIS corresponds 

^ ^ MODIS 

to the absolute seasonal response of the MODIS Vis and VIJVVHRR ETM- corresponds to the 
absolute seasonal response of either the AVHRR or the ETM+ Vis). 
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Figure 11 - MODIS. AVHRR. and ETM* red and NIR response curves plotted along 
with an hypothetical soil line. According to the explanation given in Appendix 1, one can 
clearly observe the differences among the MODIS. AVHRR, and ETM"' band-centers, 
and therefore, in their red-NIR distances (refer to appendix 1 for further explanation). 

Figure 12 - Relative differences between the MODIS and ETM' Vis (% values) for both 
wet and dry seasons. 

Figure 13 - Relative differences between the MODIS Vis and the AVHRR NDVI (% 
values) for both wet and dr\' seasons. 

Figure 14 - "Ceirado" relative amplitude of the MODIS, AVHRR, and ETM' Vis for 
both wet and di7 season datasets. 

Figure 15 - MODIS. AVHRR. and ETM" Vis seasonal responses under different aerosol 
loadings and wet and dry season atmospheric scenarios. 



Table 1 - MODIS, ETM\ and AVHRR response curves and respective 
bandwidths 
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MODIS 
Bandwidth 0.459-0.479 Mm 0.620 - 0.670 Mm 0.841-0.876 Mm 

ETMt-
Bandwidth 0.450 - 0.515 Mm 0.630-0.690 Mm 0.750 - 0.90 Mm 

AVHRR 
Bandwidth 0.55-0.68 Mm 0.725-1.1 Mm 



Table 2 - Structure and conditions of the major physiognomies at the Brasilia National Park (BNP) 

Major 
physiognomies 
at the Brasilia 
National Park 

Above-Ground 
Characteristics 

% Cover of 
woody layers 

Average Height 
of Trees (m) 

Average 
Tree 

Spacing 
(m) 

Understory % Green Cover Landscape % Green Cover Major 
physiognomies 
at the Brasilia 
National Park 

Shrubs Trees Shrubs Trees - Wet Dry 
Seasonal 
Variation Wet Dry 

Seasonal 
Variation 

Simple 
dlH. 

Norm, 
diff. 

Simple 
diff. 

Norm, 
diff. 

Corrado 
Grassland 

Open grassland < 1.15 - < 1.4 - - 43.0 23.1 20.0 46.4 40.0 18.3 21.7 54.2 

Shrub Cerrado 
Open grassland 

with sparse 
shrubs 

4.3 0.6 0.8/ 1.6 4.7 33.6 45.2 20.4 24.8 54.9 46.1 25.6 20,5 44.6 

Wooded 
Cerrado 

Shrubland with 
sparse trees 

24.3 5.4 0.79/ 
1.17 

5.3 13.0 42.8 22.0 20.8 48.5 60.4 •40,3 12,1 20.1 

Corrado 
Woodland 

Mixed 
grassland, 

shrubland, and 
trees up to 

seven meters 

20.9 24.5 
1.65 1 

2.5 
5,7 7.3 37.9 14.5 23.4 61.8 63.4 51.5 11.9 18.8 

Gallery Forest* 

Evergreen 
woodland 

mainly along 
streams 

- 70-95 - 20-30 - - - - - 85.5 80.3 5.2 6.0 

Obs,; Numbers in "italic" indicate the predominant average, whenever two distinct lieights can be readily identified 

* • Data from Ribeiro and Walter 1998 



Table 3 • MODIS, AVHRR, and ETM  ̂red & NIR values and 
respective seasonal variations 

Wet 
Season 

Dry 
Season 

Wet 
Season 

Dry 
Season 

modis-1 modis-1 Rel.Diff. modis-2 modls-2 Rel.Diff. 
eg 0.064 0.076 -19.18 0.210 0.170 19.02 
sc 0.056 0.069 -23.62 0.189 0.153 19.21 
wc 0.044 0.062 -40.18 0.199 0.168 15.88 
cw 0.039 0.058 48.47 0.198 0.167 15.72 
gf 0.028 0.043 -52.51 0.223 0.231 •3.78 

soil 0.193 0.241 -25.14 0.233 0.285 •22.20 
etm>3 etnfv3 Rel.Diff. etm4 etm4 Rel.DifF. 

eg 0.064 0.079 -22.58 0.204 0.163 19.84 
sc 0.057 0.072 •26.28 0.183 0.147 19.74 
we 0.045 0.064 42.89 0.194 0.162 16.39 
cw 0.039 0.059 •51.88 0.191 0.160 16.08 
gf 0.028 0.043 •54.82 0.216 0.224 •3.76 

soil 0.199 0.249 •25.24 0.236 0.289 •22.09 
avtin -̂1 avhrr-1 Rel.Diff. avhn^^2 avhnr̂ 2 Rel.DifF. 

eg 0.071 0.078 -11.23 0.206 0.167 18.98 
sc 0.062 0.071 -15.04 0.186 0.152 18.39 
wc 0.052 0.066 -27.41 0.197 0.166 15.33 
cw 0.047 0.062 •33.09 0.194 0.164 15.36 
gf 0.038 0.053 -38.15 0.212 0.222 4.56 

soil 0.185 0.231 •24.99 0.238 0.290 -22.18 

eg = cerrado grassland, sc=shrub cerrado, wc=wooded cerrado. 

ON=cerrado woodland, gf=gallery forest 
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Table 4 • red & NIR differences between MCX3IS and ETA/H- and between MODIS 
and AVHRR 

MODIS • ETIUH- Differences MODIS • AVHRR Differences 
red ! NIR red NIR 

Wet i Dry I Wet i Dry 
Season j Season | Season | Season 

Vyfet 1 Dry j Wet ' Dry 
Season | Season | Season j Season 

eg •0.0006 -0.0029 0.0068 0.0072 -0.0069 -0.0026 0.0042 0.0033 
sc •0.0009 -0.0026 0.0058 0.0057 •0.0061 -0.0023 0.0024 0.0004 
wc -0.0004 -0.0017 0.0058 0.0059 -0.0077 -0.0042 0.0028 0.0013 
cw •0.0003 -0.0017 0.0070 0.0066 -0.0078 -0.0044 0.0041 0.0028 
gf 0.0007 0.0004 0.0066 0.0069 -0.0101 -0.0099 0.0106 0.0094 

soil -0.0062 -0.0080 -0.0031 -0.0035 0.0081 0.0104 -0.0044 -0.0053 
1 1 ! 1 

eg = cerrado grassland, sc = shrub cerrado, wc=wooded cerrado, i 

cw = cerrado woodland, gf = gallery forest '1 
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Abstract 

It is estimated that approximately 40% of the Cerrado. the second largest biome in 
South America, have been already converted. The Moderate Resolution Imaging 
Spectroradiometer (MODIS), recently launched onboard the Terra platform, is expected 
to fulfill a gap in remote sensing data availability and to decisively contribute to a better 
understanding and monitoring of the Cerrado's vegetative cover. In this study, we 
conducted a wet season ground and airborne campaign over the Brasilia National Park 
(BNP), the largest LBA (Large Scale Biosphere-Atmosphere Experiment in Amazonia) 
core site in the Cerrado biome. to measure the optical and biophysical properties of the 
major Cerrado land cover types. We investigated land cover discrimination through the 
analyses of full resolution spectra, convoluted spectra (MODIS bandpasses), and 
vegetation indices - the normalized difference vegetation index (NDVI) and the enhanced 
vegetation index (EVI). At these three data levels, three major physiognomic domains 
(herbaceous, woody, and forested) could be readily identified, and the amount of data 
correctly classified were 91% (full spectra), 78% (red and NIR). 75% (NDVI). and 71% 
(EVI). A synergism between the NDVI and EVI was also evident, and together, these two 
indices were capable of correctly classifying 82% of the total dataset. Our results indicate 
the possibility of utilizing the MODIS NDVI and EVI images for operational land cover 
assessments in the Cerrado region. 

1. Introduction 

The savannas, mainly found in the sub-tropics and seasonal tropics, are the 

dominant biome in the Southern Hemisphere, covering approximately 65 % of Africa. 60 

% of Australia, and 45 % of South America (Bouliere and Hadley 1983). In Brazil, the 

savanna, locally known as the Cerrado, comprises an area of about 2,000,000 km" and 

consists of an intricate mosaic of land cover types, vertically structured as grassland, 

shrubland, and woodland. It is the second largest biome in South America and believed to 

have the worid's largest floristic diversity (Eiten 1993, Ratter et al. 1996). 

The Cerrado is a complex and extensive biome with rapid land cover changes. It 

is part of an environmental and human-caused disturbance gradient, bounded by humid 

forest to the northwest and relatively dry savanna grassland and woodland formations to 

the southeast. For several geographical reasons (e.g. mostly flat lands, soil associations. 
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proximity to markets, etc.), large-scale human induced changes are particularly evident in 

the core cerrado region, where intensive agricultural and grazing occupations have made 

the cerrado the most severely threatened biome in Brazil (Nepstad ei ciL 1997). It is 

estimated that 40% of the Cerrado biome have already been aggressively converted into 

cultivated pastures, field crops, urban development, and degraded areas (Mantovani and 

Pereira 1998. Sano et cil. 2000). 

Despite the importance of the cerrado to regional energy, water, and carbon 

balances, the impacts of intensive land conversion and biomass burning on its 

biogeochemical cycles remain poorly understood (Aduan ei al. 2000). Therefore, distinct 

Cerrado areas, especially those surrounding Brasilia were readily incorporated into the 

Large Scale Biosphere-Atmosphere E.xperimeni in Amazonia (LBA), which is mainly 

focused on the human modifications of natural ecosystems and their impacts on key 

ecological processes (LBA homepage). 

On the other hand, there have been few attempts made towards the operational 

utilization of remote sensing data to effectively monitor this biome, which is still a major 

farming frontier in Brazil (Skole et al. 1994). Part of this problem concerns the 

characteristics of the traditionally available remote sensing data. The low spatial 

resolution of the NOAA-AVHRR and large errors inherent in the normalized difference 

vegetation index (NDVI) time series data sets (poor sensor calibration, poor pixel 

location, insufficient cloud screening, and variable acquisition geometry), have been 

major impediments to their effective utilization (Coward et al. 1991. Moody and Strahler 

1994). The Landsat TM and ETM" imagery offer much better quality data sets but at 
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infrequent inter\'als to capture the highly dynamic cerrado. 

The recently released Moderate Resolution Imaging Spectroradiometer (MODIS) 

data, marked fay substantia! sensor improvements, and in particular, the MODIS 

vegetation indices (Vis), which include a continuity of NDVl, produced to extend the 

AVHRR-NDVI data sets, and a new index, the Enhanced Vegetation Index (EVl). 

resistant to atmospheric and canopy background effects (Huete ei al. 1994, Liu and Huete 

1995. Justice ei al. 1998), in a "ready-to-use" format, at 250m, 500m. and Ikm 

resolution, are expected to fill this gap in data availability, and to decisively contribute to 

a better understanding of the Cerrado's vegetative cover. The correct application of the 

MODIS VI's, however, require a clear understanding of their functionality, behavior, and 

on how they respond to specific vegetation types. 

In this study, situated within the LBA scope, and part of an effort to evaluate and 

validate the MODIS VI products, we conducted an airborne and ground campaign to 

measure the optical and biophysical properties of the major cerrado physiognomies. We 

analyzed full resolution spectra, convoluted spectra, and Vis. In particular, we 

investigated land cover discrimination, at each one of these data levels, as well as the 

specific responses of the MODIS Vis to the vegetation types encountered in the Cerrado 

biome. 

2. Experimental design 

2.1 > Study area 

The results and discussions presented in this paper are based on an intensive field 

campaign conducted at the Brasilia National Park (BNP). from April 16"" through May 5"^ 
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2000. The BNP. the largest Cerrado LB A core site, comprises an area of approximately 

30,000 ha, located in the northern Federal District, Brazil, between 15"35' and 15''45' 

south latitude and 47'53' and 48"05' west longitude (figure 1). The BNP site is 

representative of the Cerrado's natural vegetative cover mosaic, encompassing the major 

savanna formations encountered in the cerrado biome from the dominant herbaceous 

stratum (cerrado grassland and shrub cerrado) to the more complex, woody dominated 

stratum (wooded cerrado and the cerrado woodland) (Ribeiro and Walter 1998). There are 

five major land cover types in the BNP site: 1) cerrado grassland, the herbaceous 

dominated region. 2) shrub cerrado. mostly a mixture of grasses and shrubs. 3) wooded 

cerrado. with the predominance of shrubs over trees in the woody layer. 4) cerrado 

woodland, densely covered by trees, and 5) gallery forest, a riparian type of vegetation. 

These vegetation types are marked by a strong seasonal phenology. Approximately 90% 

of the rainfall is concentrated fi-om October to April, while in the dry season (May 

through September), air humidity is very low (below 20% in August and September) and 

rainfall may be zero in some months. 

2.2 • Field data 

Ground biophysical measurements, depicting the structure and condition of the 

vegetation, and airborne radiometric data were obtained at four sites, associated with the 

major Cerrado physiognomies'. At each site, two 250 m transects, with approximately 

NW-SE direction and 100m apart, were established for data measurements (figure 2). 

Airborne spectroradiometric data were also acquired over more "regional" flightlines. 

' - The riparian gallen' forest was not included in the ground measurements 
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covering other land cover types (e.g. bare soil, burnt grassland, gallery forest) found in 

the park. 

Canopy structural assessments included height and spacing determinations of both 

the herbaceous and arburstive / arborescent layers, as well as % cover estimations at both 

transects, in which "cover" points (e.g. green grass, standing litter, woody plants, bare 

soil) were recorded at every Im. Estimates of % green cover were also assessed through 

nadir look visible digital images, taken along both transects, at every lOm, from Im 

("understory" view) height. These images were then split into their single RGB bands, 

which enabled a comparison of the green signal, on a per pixel basis, against the red and 

blue responses. Thus, a pixel was considered to represent green vegetation whenever its 

green DN value, re-scaled by a certain threshold (e.g. 0.98), was simultaneously greater 

than the blue and red DN values. 

The airborne data were obtained with the Modland Quick Airborne Looks 

(MQUALS) package, consisting of a calibrated spectroradiometer", operating within the 

range from 269.2 to 1068.78 nm, at 1.5678 nm interval with 2.5 nm spectral resolution, 

and a visible digital camera, used for green cover determinations at the landscape scale 

(about 50m footprint) (Huete et al. 1999a). This package, attached to an ultra-light 

aircraft, was flown at about 200m above ground level at an average speed of about 25m 

sec"'. At this altitude, atmospheric influences are negligible. This enabled all the sites to 

be sampled within a one-hour time interval, at a nearly constant sun angle target 

geometry (0sun 41"). The spectroradiometer sampled with a 10° field of view, and an 

" - HandHeld FieldSpec (Analytical Spectral Devices. Inc., Boulder. Colorado) 
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integration time of 68 msec. An average of three readings were recorded every three 

seconds, resulting in atmosphere free measurements with an approximate ground field of 

view (GFOV) of 35 m and spaced at about 25 m apart. 

Five flights, bracketing the Terra (MODIS) and Landsat 7 (ETM") overpass times, 

were completed, with each flight sequence yielding approximately 1,000 spectra and 122 

RGB digital images. From these, a minimum of four digital images and 11 spectral 

profiles were obtained over each of the study sites. Two onboard GPS ensured the ultra

light aircraft to precisely fly over the desired flight lines, in particular those coincident 

with the ground transects at the four cerrado sites (figure 2). 

2.3 - Radiometric data processing 

The retrieval of top of canopy reflectances was accomplished by ratioing the 

spectroradiometer voltage outputs to a calibrated reference reflectance standard. A 

weighted average of spectralon panel readings at the beginning and end of each flight 

were utilized to compute reflectances: 

^T.i , | v  
P\ ~ ! \r\ I \ r\ ^ ^ 

where p- is the reflectance at wavelength /i., are the digital numbers of the target 

reading, D^ - and , are the digital numbers of the standard white plate readings before 

and after the flight, respectively, at wavelength , and - is the true reflectance of the 

white plate. 0/^,(0 and iy„,{0 are the weights to linearly interpolate the white plate 

reading at time t of the target reading from the two white plate readings, before and after 
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the flight. The two weights, and , (0 were obtained through: 

C0ijt) = ̂ ^^,ar\d (2) 
h K ~h 

where and f,, are the average limes for the after and before flight white plate readings, 

respectively, and i is the acquisition time for 0^, • 

The retrieved reflectance values were then convoluted to the MODIS blue, red. 

and NIR bandpasses (table 1) and enhanced with the NDVl and EVI indices as follows: 

(3) 

EV! = 

where L is a canopy background calibration factor that normalizes differential Red and 

NIR extinction through the canopy, and C| and C: weigh the use of the blue channel in 

aerosol correction of the red signal. In this study, I, 6, and 7.5 approximated L, CI, and 

C2. respectively. G is a "gain" factor, equal to 2.5 (Huete et al. 1999b). 

2.4 - Analysis approach 

In this study we analyzed full resolution spectra, in which major features and 

information content were assessed by both derivative and principal component analysis 

(PCA) (Smith et aL 1985, Galvao et al. 1999), convoluted spectra to the MODIS red and 

NIR bandpasses, and the MODIS vegetation indices. 

Land cover discrimination, at each one of these data levels, was evaluated through 

a linear model, based on either the Mahalanobis distances, whenever two or more 
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variables were taken into account (e.g. NDVl and EVI), or the Euclidean measure 

(Schowengerdt 1997). Results from such discriminant analysis were summarized into a 

classification matrix and in a between groups F-matrix ("F" statistics), in which the "F" 

values, proportional to the distance measures, indicate the distance, and therefore, the 

separability between group means. 

Discrimination assessments were also complemented with ANOVA and Tuckey 

test, in relation to which, two vegetation classes were considered to be significantly 

radiometrically differentiated (e.g. by either EVI or NDVI) whenever the null hypothesis 

(i.e. the two classes show identical radiometric responses) was associated with a 

probability, value (p) equal or smaller than 0.05 (Kuehl 1994). 

3. Results and discussion 

3.1 - The Cerrado land*cover types; biophysical, structural, and radiometric 

characteristics 

The Cerrado physiognomies, marked by an intimate association between the 

woody layer and the herbaceous understory, in which live and senescent grasses are 

indistinctly mixed, are both spatially and temporally very complex. Although these 

physiognomies tend to be floristically similar, a clear distinction among them can be 

drawn based on their structural parameters and organization (e.g. height, density, and 

spacing of the woody cover). 

The occurrence and role played by the woody layer seem to be primarily related 

to the characteristics and variations in the soil background. The Cerrado landscapes are 

mostly dominated by Oxisols, low in base saturation and rich in Fe-Al oxides and 

hydroxides (e.g. hematite, goethite, gibbisite) (Reatto et al. 1998). Denser arburstive-
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arborescent covers, with deep root systems, are primarily associated with deeper, very 

well drained, and hematite rich profiles. On the other hand, the arburstive and herbaceous 

dominated physiognomies are preferentially associated with shallower, well-drained 

profiles, which favor the concentration of Fe and A1 hydroxides (e.g. goethite, boehmite) 

(Goodland and Fern 1973, Eiten 1993). 

Such pedogenic-physiognomic interactions are certainly a major mechanism 

controlling the vegetation associations and gradients observed at the BNP (table 2 and 

figure 3). One can clearly observe a systematic increase in the woody layer and 

corresponding increase in % green cover values (at both the canopy and landscape scales) 

from the strong seasonally affected cerrado grassland to the semi-deciduous cerrado 

woodland and to the perennial gallery forest. By contrast, the strength of the herbaceous 

matrix follows an opposite trend, with the understory % green cover values slightly 

decreasing, and soil background becoming more evident as one goes from the cerrado 

grassland to the cerrado woodland. 

The % green cover values tend to be grouped according to the herbaceous (i.e., 

cerrado grassland and shrub cerrado), woody (wooded cerrado and cerrado woodland), 

and arborescent (gallery forest) domains. The slightly higher % green cover values 

observed for the shrub cerrado compared to the cerrado grassland (2 and 6% higher at the 

understory and landscape scales, respectively) may be attributed to the greater occurrence 

of permanent green above ground structures in the shrub cerrado, as well as more 

standing litter in the latter. Small differences in % green cover values (5 and 3% at the 

understory and landscape scales, respectively) are also observed between the wooded 



cerrado and cerrado woodland, even though a significant discrepancy in tree coverage 

occurs. In this case, the greener and denser arburstive / sub-arburstive layer dominating 

the wooded cerrado tends to balance out the denser tree coverage encountered in the 

cerrado woodland. On ihe other hand, this denser tree coverage, which is likely to cast 

more shadows, is accompanied by a less prominent understory, in part replaced by both 

the soil substrate and more abundant tree litter. 

The physiognomic differences in the cerrado land-cover types are readily 

reflected in their airborne spectral signatures (figure 4a). As expected, the sharp 

absorption feature in the red wavelength region (around 645 nm) and the high reflection 

feature in the NIR region (around 825 nm) become more prominent as the green 

vegetation increases (from cerrado grassland to gallery forest). In the NIR region, 

however, one should note the rather low reflectance values. This has also been observed 

in top-of-canopy reflectance retrieved from satellite imagery (unpublished data). It is also 

worth to mention the fact that the cerrado grassland NIR reflectances are higher than the 

other woody cerrado types, what may be attributed to the larger amounts of standing litter 

that characterize this land cover type. 

These spectral signatures show the importance of the red and NIR regions, as well 

as of the red-NlR contrast, in differentiating the cerrado land-cover types. They also 

suggest the existence of three major physiognomic domains (i.e. herbaceous, woody, and 

arborescent), highlighted by the first derivative spectra (figure 4b). In these, the red-NIR 

inflection point (red edge) successively shifts toward longer wavelengths with respective 

increase in the woody layer (i.e. herbaceous woody arborescent). 
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Further insights on specific features and information content present in the full 

resolution spectral domain (i.e. 269 to 1068 nm) are revealed by the analysis of the PCA 

weighting factors (component loadings). 

Figure 5 shows the loadings of the first three components, which account for 

about 99.5% of the total information in the spectral dataset, as a function of the 

wavelength. The first component, assumed to depict variations in albedo (overall 

reflectance), and accountable for about 67% of the spectral variation, shows a gradual 

increase in the negative weightings towards longer wavelengths and a steeper inflection 

at around 680nm (red edge), followed by a steady "NIR" plateau. 

The second component, responding for about 31% of the total spectral variation 

and quite similar to the reflectance spectrum of green vegetation, mainly depicts the red-

NIR contrast, besides the green reflectance peak at around 550nm. It is also worth noting 

that the largest variance shown by this eigenvector curve is related to the chlorophyll 

absorption features at around 680-690nm (red region). 

A major feature in the third component, which comprises about 1.4% of the total 

variance, is the negative covariance in the visible region, highlighting the green-red 

contrast. Other features of interest are the sharp red-NIR contrast, which coincides with 

the red edge as depicted in the derivative spectra, and the strong inverse variance in the 

NIR region. 

Land cover discrimination in the whole spectral region, and in accordance with 

the information depicted by the first three principal components, can be assessed by 

individually projecting all the data points (i.e. spectral signatures) onto each component 
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axis. This results in three new variables (PC scores) which are a linear weighted 

combination of all the original variables (individual wavelengths). 

As seen in figures 6a.b, three major physiognomic domains are clearly identified 

in both PC-1 / PC-2 and PC-2 / PC-3 space. As expected, land covcr t>pe differentiation 

occurs mainly along PC-2 and PC-3. since no significant variation in the overall 

reflectances, which is preferentially depicted by PC-1. is observed among the five 

vegetation classes herein considered. Interestingly, PC-2 favors the separation between 

the wooded cerrado and cerrado woodland, while the separation between the cerrado 

grassland and shrub cerrado is satisfactorily accomplished by PC-3. The second principal 

component, as earlier discussed, mainly emphasizes the red-NlR contrast, and in the case 

of the wooded cerrado and cerrado woodland helps to enhance the differences in red and 

the even subtler differences in NIR. On the other hand, the third component is primarily 

enhancing the green-red contrast, and therefore, differences in the green cover as well as 

in the amount of standing litter, as is the case with the cerrado grassland and shrub 

cerrado. The PC-2 inverse NIR variance should also contribute to the differentiation 

between these two land cover types, since the senesced vegetation spectra will tend to 

follow a more upward trend in the NIR region. The green vegetation spectra, by contrast, 

tend to define a more horizontal NIR plateau. 

When the first three PCs are considered simultaneously, approximately 91% of 

the total dataset are correctly classified. As seen in tables 3a,b, least separability, and 

therefore, major inter-class confiision is observed between the cerrado grassland and 

shrub cerrado, as well as between the wooded cerrado and cerrado woodland. 
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Three major physiognomic domains are also clearly observed in the red-NIR 

space, a graphical representation which depicts the optical-structural properties of the 

vegetation canopy and related background-induced variations (figure 7) (Yoshioka ei cil. 

2000). As expected, the grass dominated formations are most closely positioned to the 

soil line, while the gallery forest shows the furthest distance from the soil line and a 

nearly vertical vegetation isoline. 

The similarity between the red-NIR and PC-l / PC-2 spaces are due to the fact 

that the red-NIR contrast is particularly highlighted in PC-2. Indeed, a strong correlation 

is observed between PC-2 scores and the red reflectances (r = -0.77), while the PC-l 

scores correlate nearly the same with both the red and NIR reflectances (r = -0.43 and -

0.45. respectively). A strong correlation is also found between the PC-3 scores and red (r 

= -0.84), while no significant correlation is found between the PC-3 scores and NIR (r = 

0.08) (figure 8). 

In the red-NIR reflectance domain, approximately 78% of the total spectral 

dataset is correctly classified, and compared to the whole spectral region, an even more 

conspicuous inter-class confusion is found between the cerrado grassland and shrub 

cerrado (tables 4a,b). Tlie dominant role played by the red reflectances in the 

discrimination of the land cover classes is also evident. About 65% of the total dataset 

can be correctly classified based on the red reflectances alone, while the MR reflectances 

correctly classify only 39% of the dataset (table 5). 

MODIS Vegetation Indices 

As seen in figures 9a,b, the NDVI and EVI distinctly responded to each cerrado 
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physiognomy with both increasing according to the predominance of the 

woody/arborescent layer and respective % green cover. The EVI was slightly different in 

that it had higher values over the cerrado grassland than the shrub cerrado, as seen with 

the NDVl. This apparent discrepancy in the EVI behavior, which may eventually induce 

difficulties in the analysis of VI products over these two land-cover types, may be 

attributed to the fact that the shrub cerrado has more "shadows" than the cerrado 

grassland, making the "pixel" darker (see figure 4a). EVI tends to become lower witli 

shadows while NDVI. by contrast, lends to be higher with canopy shadows. 

Figures 9a.b also show a low overall range in VI values (i.e. min - max 

differences) among the cerrado types (i.e. cerrado grassland, shrub cerrado. wooded 

cerrado, and cerrado woodland) (table 6). This can be readily attributed to the narrow 

radiometric variations associated with these land-cover types (figure 4a). NIR variations 

among the cerrado physiognomies were low and thus, the EVI, which by design tends to 

be more sensitive to NIR reflectances (Huete ei al. 1997), yielded lower responses and 

variations (figure 9b and table 6). However, a significant increase in VI range, 

proportionally greater for EVI, was obser\'ed when the gallery forest, marked by 

distinctive lower and higher responses in the red and NIR regions, respectively, was taken 

into account (table 6). The higher rate of increase shown by EVI. may be, on the other 

hand, an indication of less saturation problems and a more linear behavior. 

Further insights on the behavior differences between these Vis can be assessed 

through an EVI vs. NDVl crossplot (figure 10). In this figure, one can observe an overall 

distribution of VI values into three major domains (i.e. herbaceous, woody, and 
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arborescent). Interestingly, all the data points fall considerably above the 1:1 line. The 

significantly lower EVI responses, compared to NDVI, besides being related to the 

reasons earlier discussed, also suggest that the scaling coefficient G (eq. 4) may need to 

be specifically adjusted according to the radiometric characteristics of the cerrado's 

canopies. 

Noteworthy as well, is the similarity between this cross-plot and the orthogonal 

PC-2 / PC-3 space (figure 6b), what can be taken as an indication that most of the spectral 

information of interest is being captured by the NDVI and EVI together. 

The EVI vs. NDVI crossplot also clearly indicates that NDVI separates by land 

cover class, while EVI mainly shows within-class variation. In fact, for the five 

vegetation classes, EVI consistently shows greater coeftlcients of variation (CV) (figure 

11). The greater dispersion in EVI values within a similar vegetation class can be 

attributed to this index's relative higher sensitivity to the blue and NIR reflectances 

(Ferreira et al. 2001). While a higher variability in VI response may represent a better 

coupling to the vegetation biophysical parameters, it also may causc more inter-class 

confusions when attempting the classification of the vegetation cover. 

With respect to land cover discrimination, the ANOVA and Tuckey test indicated 

that the EVI only failed to significantly discriminate between the wooded cerrado and 

cerrado woodland (p = 0.32), as these two vegetation types showed about the same NIR 

variation range (table 7). By contrast, the NDVI was able to differentiate these two 

physiognomies, which showed slightly distinct red values. On the other hand, the NDVI 

failed to differentiate between the cerrado grassland and shrub cerrado (p = 0.88), mainly 
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due to their similar variation range in red reflectance. Nevertheless, the rather distinct 

NIR response shown by these vegetation types enabled their EVI separation (table 7). 

Interestingly, the average differences in NDVI values between the cerrado grassland and 

shrub cerrado (- 0.004). and in the EV! values between the "unresolved" wooded cerrado 

and cerrado woodland (~ 0.014), tend to be. when considering equivalent VI values, 

within the MODIS Vis uncertainty range due to the MODIS radiometric calibration 

uncertainties (Miura ei al. 2000). This could prevent these vegetation classes from being 

differentiated in the MODIS NDVI and EVI images, respectively. 

Nevertheless, it should be emphasized the stronger discrimination capability 

shown by the NDVI. as evidenced by the ANOVA adjusted R' and "F" statistics: 0.96 

and 884 for the NDVI, as opposed to 0.88 and 242 for the EVI. respectively (table 7). It is 

also important to note that due to the great dependence of both NDVI and EVI on red (r = 

-0.96 and -0.75. respectively), these two indices tend to show similar discrimination 

ability compared to that shown by the red reflectances alone (table 5). 

The results shown by the classification matrix based on a simple Euclidean 

distance also corroborate the higher NDVI discrimination performance. While 75% of the 

NDVI dataset were correctly classified, EVI correctly classified 71% of the total number 

of samples (tables 8a,b). These classification matrix also confirm the poor discrimination 

between the cerrado grassland and shrub cerrado and between the wooded cerrado and 

cerrado woodland shown by the NDVI and EVI, respectively. 

In spite of the apparent better results shown by the NDVI, it is also clear that the 

NDVI and EVI complement each other regarding land cover discrimination. As a matter 
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of fact, 82% of the total dataset were correctly classified when these two Vis were 

simultaneously taken into accoimt (tables 9a,b). Although a major discrimination 

improvement compared to the combined use of the red and NIR reflectances, one can 

note that inter-class confusion, mainly affecting the cerrado grassland and shrub cerrado 

is still present. 

4. Concluding remarks 

The radiometric characterization of the earth's vegetative cover is a prerequisite 

to the correct and effective use of remote sensing data. This is a particularly mandatory 

issue as the interpretation of the remote sensing data becomes progressively more 

quantitative and more rigorous calibrated orbital datasets, as the ones provided by the 

MODIS sensor, are made available. 

In this study, such characterization, coupled with ground biophysical and 

structural measurements, was pursued for the major natural land-cover types encountered 

in the Brazilian Cerrado biome. Although physiognomically differentiated, the cerrado 

types herein considered showed a rather narrow distinction in their radiometric responses, 

mainly due to their unique understory and overstory associations, which results in 

complex interactions and contributions to the remotely sensed radiometric signal. 

Nevertheless, the analysis of the full resolution airborne spectra revealed, among 

others, the importance of the red-NIR contrast, and in particular of the red edge in 

differentiating three major Cerrado domains (i.e. herbaceous, woody, and forested), as 

well as the importance of the green-red contrast and of the NIR plateau in enhancing 

subtle differences in the amount of senesced and green vegetation. Within the whole 
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spectral interval considered in this study (269.2 - 1068.78nm) approximately 91% of the 

total dataset could be correctly classiHed. while in the red-NIR reflectance space, about 

78% of the samples from the five vegetation classes were correctly classified. From the 

analysis of the red-NIR space it was also evident the dominant role played by the red 

reflectances in the discrimination of these land cover types. 

Thus, the NDVl. strongly coupled to red. showed a better discrimination 

performance compared to EVI. as indicated by both the ANOVA and the Euclidean 

measure results. The lower discrimination ability shown by the EVI is to a certain extent 

related to its greater variation within a same vegetation class, what makes this index more 

prone to inter-class confusions. On the other hand, a higher variability in VI response 

could result in a better coupling to the vegetation biophysical parameters. 

The NDVl failed to significantly discriminate between the cerrado grassland and 

shrub cerrado. while the EVI failed to differentiate between the wooded cerrado and 

cerrado woodland. Interestingly, the differences in NDVl values between the cerrado 

grassland and shmb cerrado and in the EVI values between the "unresolved" wooded 

cerrado and cerrado woodland, tend to be within the uncertainty range associated with the 

MODIS VI products when considering equivalent VI values. This certainly can be taken 

as a strong evidence that these vegetation classes cannot be differentiated in the MODIS 

NDVl and EVI images, respectively. 

The distinct functional behavior and discrimination abilities shown by the NDVl 

and EVI clearly suggest a potential "synergism" between these two indices. In fact, when 

the NDVl and EVI were simultaneously taken into account, about 82% of the total 
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dataset were correctly classified, a significantly better result compared to the combined 

use of the red and NIR reflectances. 

The results presented in this paper, although preliminary, indicate the possibility 

of utilizing the MODIS NDVI and EVI for operational land cover assessments in the 

Cerrado region. Further investigations, however, based on both simulated and actual 

orbital data, are still necessary in order to detemiine the response of the iVlODIS VI's to 

the marked seasonal contrast of the Cerrado's canopies, what is a topic of a different 

study, and the role of such seasonal contrast on the identification of the vegetation cover. 

In addition, converted targets (e.g. pasture, crops) need to be incorporated in future 

analyses, so that the identification of on going land conversion can be implemented on an 

effective and operational basis. 
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Table captions 

Table 1 - MODIS Blue, Red. and NIR bandpasses and respective band-pass filters. 

Table 2 - Major characteristics of the Cerrado physiognomies at the Brasilia National 
Park. 

Table 3 - Discriminant analysis based on the "Mahalanobis" distances for PC-l, PC-2. 
and PC-3: a) classification matrix (% values) (cases in row categories classified into 
columns) and b) between groups "F" matrix. 

Table 4 - Discriminant analysis based on the "Mahalanobis" distances for the Red and 
NIR reflectances: a) classification matrix (% values) (cases in row categories classified 
into columns) and b) between groups "F" matrix. 

Table 5 - ANOVA results and % of correctly classified cases (based on the "Euclidean" 
distances) for the Red and NIR refiectances. 

Table 6 - NDVI and EVI response ranges and variations. 

Table 7 - ANOVA and Tuckey test results for the NDVI and EVI. 

Table 8 - Classification matrix (% values) based on the "Euclidean" distances for the 
NDVI (a) and EVI (b) (cases in row categories classified into columns). 

Table 9 - Discriminant analysis based on the "Mahalanobis" distances considering both 
the NDVI and EVI: a) classification matrix (% values) (cases in row categories classified 
into columns) and b) between groups "F" matrix. 
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Figure captions 

Figure 1 - Brasilia National Park (study area). 

Figure 2 - Flight path over the Brasilia National Park (BNP). The data-sampling scheme 
is highlighted for the shrub cerrado site. 

Figure 3 - Ground and aereal views depicting the major characteristics and 
physiognomic trends of the land cover types investigated in this study. 

Figure 4 - Average spectral signatures from the five investigated land cover types (a) and 
respective first derivative spectra (b). 

Figure 5 - Principal component eigenvectors loadings (PCA 1, 2, and 3) as a function of 
the wavelengths. 

Figure 6 - Principal component scores: PC-1 vs. PC-2 (a) and PC-2 vs. PC-3 (b). 

Figure 7 - Simulated MODIS red-NlR concept space depicting the five investigated land 
cover types. Bare soil data shown for comparative purposes. 

Figure 8 - Correlation coefficients between PCscores (PC-l, PC-2, and PC-3) and red 
and NIR reflectances. 

Figure 9 - Simulated MODIS NDVI and EVI values for the five investigated land cover 
types. Bare soil data shown for comparative purposes. 

Figure 10 - Simulated MODIS EVI vs. NDVI crossplot. 

Figure 11 - Coefficients of variation (CV) for the simulated MODIS NDVI and EVI over 
the five investigated land cover types. 
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Table 1 - MODIS Blue, Red, and NIR bandpasses and respective band 
pass filters 
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Table 2 - Major characteristics of the Cerrado physiognomies at the Brasilia Nat. Park 

Major Vegetation 
Communities at the 

Brasilia National 
Park 

Above-Ground 
Characteristics 

% Cover of 
woody layers 

Average Height 
of Trees (m) 

Average 
Tree 

Spacing 

"wet season" (April - May) % 
Green Cover 

Shrubs Trees Shrubs Trees - "Understory" 
"Landscape" 
(200m high) 

Cerrado Grassland Open grassland < 1.15 - < 1.4 - - 43.0 40.0 

Shrub Cerrado 
Open grassland 

with sparse 
shrubs 

4.3 0.6 0.8 1 1.6 4.7 33.6 45.0 46.0 

Wooded Cerrado 
Shrubland with 

sparse trees 
24.3 5.4 0.79 / 

1.17 
5.3 13.0 43.0 60.0 

Cerrado Woodland 

Mixed 
grassland, 

shrubland, and 
trees up to 

seven meters 

20.9 24.5 
1.65 / 

2.5 
5.7 7.3 38.0 63.0 

Gallery Forest 

Evergreen 
woodland 

mainly along 
streams 

- 7 0 - 9 5  - 2 0 - 3 0  - - 85.0 

Obs.; Numbers in "italic" indicate the predom 
identified 
' - Data from Ribeiro and Walter 1998 

nant average, whenever two distinct heights can be readily 



149 

Table 3a - PC-1, PC-2, and PC-3 classification matrix (% values) 
(cases in row categories classified into columns) 

Cerrado 
woodland 

Gallery 
forest 

Cerrado 
grassland 

Shrub 
cen^do 

Wooded 
cerrado 

Cerrado 
woodland 

96 0 0 0 4 

Gallery 
forest 

0 100 0 0 0 

Cerrado 
grassland 

0 0 88 12 0 

Shrub 
cerrado 

0 0 16 84 0 

Wooded 
cen^do 

0 0 0 0 100 

Total correctly classified 91 

Table 3b - t)etween groups "F" matrix 

Cerrado 
woodland 

Gallery 
forest 

Cerrado 
grassland 

Shmb 
cenrado 

Wooded 
cen^o 

Cerrado 
woodland 

0.00 

Gallery 
forest 

249.30 0.00 

Cerrado 
grassland 

219.98 862.52 0.00 

Shrub 
cen^do 

219.13 759.14 34.44 0.00 

Wooded 
cerrado 

9.30 111.16 65.92 49.62 0.00 



Table 4a - Red and NIR classification matrix (% values) (cases 
in row categories classified into columns) 

Cerrado 
woodland 

Gallery 
forest 

Cenrado 
grassland 

Shrub 
cenrado 

Wooded 
cen-ado 

Cerrado 
woodland 

97 0 0 0 3 

Gallery 
forest 

4 96 0 0 0 

Cerrado 
grassland 

0 0 67 33 0 

Shrub 
cerrado 

0 0 43 57 0 

Wooded 
cenrado 

14 0 0 0 86 

Total correctly classified 78 

Table 4b - tDetween groups "P matrix 

Cerrado 
woodland 

Gallery 
forest 

Cerrado 
grassland 

Shrub 
cerrado 

Wooded 
cenrado 

Cerrado 
woodland 

0.00 

Gallery 
forest 

242.13 0.00 

Cerrado 
grassland 

394.21 1102.40 0.00 

Shrub 
cen^do 

375.04 1124.81 11.91 0.00 

Wooded 
cerrado 

7.63 145.39 79.34 70.73 0.00 



Table 5 - ANOVA results and % of correctly classified 
cases (based on the "Euclidean" distances) for the Red 
and NIR reflectances 

ANOVA Parameters 

"F" statistics 884 242 

Adjusted 0.96 0.88 

"p" value 0 0 

Euclidean Measure 

% Correctly classified 65 39 



Table 6 - NDVI and EVI response ranges and variations 

MODIS 
NDVI EVI 

variation range variation range 

True cerrado types 25.64 0.14 25.01 0.06 

All vegetation types 
(cerrado types & 
gallery forest) 

44.97 0.24 53.12 0.13 

variation = [(max - min)/min]*100 

range = max - min 



Table 7 - ANOVA and Tuckey test results for the 
NDVI and EVI 

•T .̂Grou,̂  Veae îonaass 

A A cenrado grassland 
A B shrub cenrado 
B C wooded cenrado 
C C cenrado woodland 
D D gallery forest 

ANOVA Parameters 

884 242 "P* statistics 
0.96 0.88 Adjusted 
0.00 0.00 "p" value 

Note: Groups with the same letter are not significantly 
different 



Table 8a - NDVI classification matrix (% values) (cases in row 
categories classified into columns) 

Cerrado 
woodland 

Gallery 
forest 

Cerrado 
grassland 

Shmb 
cerrado 

Wooded 
cen-ado 

Cerrado 
wcxxtland 

91 0 0 0 9 

Gallery 
forest 

0 100 0 0 0 

Cerrado 
grassland 

0 0 52 48 0 

Shrub 
cerrado 

0 0 41 59 0 

Wooded 
cerrado 

14 0 0 0 86 

Total correctly classified 75 

Table 8b - EVI classification matrix (% values) (cases in row 
categories classified into columns) 

Cerrado 
woodland 

Gallery 
forest 

Cerrado 
grassland 

Shrub 
cen^do 

Wooded 
cerrado 

Cerrado 
woodland 

65 0 0 0 35 

Gallery 
forest 

8 88 0 0 4 

Cerrado 
grassland 

0 0 52 30 18 

Shrub 
cenrado 

0 0 19 81 0 

Wooded 
cen^o 

29 0 14 0 57 

Total correctly classified 70 



Table 9a - NDVI and EVI classification matrix (% values) (cases 
in row categories classified into columns) 

Cerrado 
woodland 

Gallery 
forest 

Cerrado 
grassland 

Shrub 
cen^do 

Wooded 
cen^o 

Cerrado 
wcxxlland 

97 0 0 0 3 

Gallery 
forest 

4 96 0 0 0 

Cerrado 
grassland 

0 0 76 24 0 

Shrub 
cerrado 

0 0 35 65 0 

Wooded 
cerrado 

14 0 0 0 86 

Total correctly classified 82 

Table 9b - between groups "P matrix 

Cen-ado 
woodland 

Gallery 
forest 

Cerrado 
grassland 

Shrub 
cerrado 

Wooded 
cerrado 

Cerrado 
woodland 

0.00 

Gallery 
forest 

308.13 0.00 

Cerrado 
grassland 

477.13 1380.52 0.00 

Shrub 
cen^do 

514.55 1498.38 1Z26 0.00 

Wooded 
cerrado 

11.98 196.37 88.24 92.15 0.00 
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a-FeOOH Soils a-FciOj Soils 
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