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Chapter 1 Introduction 
 

1.1 Introduction 
 

Tropical forests occupy less than 7% of the terrestrial surface, yet they contain 

more than half of all plant and animal species (Tucker and Townshend, 2000). Although 

tropical forests have limited spatial extent (Figure 1 and Figure 2), they play critical roles 

in global exchanges of energy, in biogeochemical cycling and as reservoirs of 

biodiversity.  As a consequence, they have been a major focus of investigations of global 

change (Chowdhury 2006; Lambin et al. 2003; Laurance et al. 1998). 

During the past several centuries, large areas of tropical forest have been modified 

by human activities such as agriculture, managed forestry and urbanization (Lambin, 

1999). According to the UN-FAO 2005 Global Forest Resources Assessment (2006), it is 

estimated that around 13 million hectares per year have been lost due to deforestation. 

However, due to activities such as forest planting, landscape restoration and natural 

expansion of forests the net loss of forest has been reduced. North and Central America 

had a net loss of 350,000 ha each one according to the FAO report. Such transformations 

of land use and land cover (LULC) are of concern because, among other things, they 

often contribute to increased levels of greenhouse gases and carbon dioxide and result in 

reduction of biodiversity. (Lambin et al. 2003; Tucker and Townshend 2000; Scholes and 

van Breemen 1997; O`Brien 1996). 
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Figure 1. Eight biogeographic realms and fourteen biomes according to Terrestrial Ecoregions of the 

World: a New Map of Earth (Olson et al. 2001) 

 

 
 

Figure 2.  Tropical forests (shown in dark green color ) The occurrence between the tropic of Cancer 

and tropic of Capricorn. Source: http://earthobservatory.nasa.gov/Features/Deforestation/ 

 

http://earthobservatory.nasa.gov/Features/Deforestation/
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In recent decades, satellite remote sensing has frequently been used to assess the 

spatial and temporal characteristics of LULC change in tropical forests (e.g., Ichii et al. 

2003; Ichii et al. 2002; Eastman and Fulk 1993). Conventional remote sensing 

approaches for monitoring LULC change are often based on moderate spatial resolution 

sensors such as those carried on Landsat or SPOT.  These satellites, however, have 

relatively low temporal resolution, and in a typical year can obtain only a few useful (i.e. 

clear) scenes over tropical areas.  Therefore, most often, sensors, such as the 

NOAA/Advanced Very High Resolution Radiometer (AVHRR) and the 

TERRA/Moderate Resolution Imaging Spectroradiometer (MODIS), instruments having 

high temporal resolution, but moderate or coarse spatial resolution, have been employed.  

LULC change is usually modeled by analysis of changes in vegetation “greenness,” 

commonly represented by a spectral transformation such as the Normalized Difference 

Vegetation Index (NDVI) (Bradley et al. 2007; Chowdhury 2006; Pettorelli et al. 2005).  

Remote sensing of LULC change in tropical forests has, however, been 

problematic because the human impact on the landscape is superimposed on an already 

biologically, spatially and temporally complex ecosystem (Williams-Linera and Meave 

2002).  The “signal” of anthropogenically-generated LULC change (changing greenness) 

is embedded in the natural cycles of seasonal (phenological) change that characterize 

tropical forests, and noise resulting from atmospheric and sensor anomalies. In order to 

assess and monitor human-induced LULC changes, one must in effect separate the signal 

of inter-annual LULC change from the normal seasonal changes one would expect to 

observe in the tropical forest (Bradley et al. 2007; Pettorelli et al. 2005). 
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This dissertation will explore new and improved methods for analysis of the 

seasonal variation of land cover in tropical forests using vegetation indices derived from 

MODIS data. The research will focus on new approaches for using MODIS to assess 

intra and inter-annual change in tropical land cover that may be related to important 

changes in the natural environment (e.g., changes in precipitation regimen) and/or human 

activities (land use).  

1.2 Background 
 

Phenology “is the study of the timing of recurrent biological processes such as 

flowering, budburst, insect hatching, bird nesting, fruit ripening, and leaf fall (so called 

phenophases)” (Williams-Linera and Meave, 2002).  Most often, phenophases occur on a 

seasonal timescale.  In flora, phenophases, specific to each species, generally reflect a 

combination of interacting environmental factors including latitude, climate (temperature 

and precipitation regimes), terrain (elevation, slope and aspect) and soils.  The phenology 

of crops and other human-influenced vegetation will, of course, also reflect land 

management and land use decisions. 

As noted above, assessing the phenology of tropical forest vegetation using 

satellite remote sensing has been especially challenging.  Most methods for analyzing 

multitemporal greenness profiles were developed for mid-latitudes where vegetation 

phenology tends to be associated with conspicuous seasonal changes in temperature and 

precipitation (Hill and Donald 2003; Schwartz et al. 2003; Reed, et al. 1994). By contrast, 

tropical regimes of temperature and precipitation are generally less variable and 

pronounced that those in other biomes, and variations in plant phenology (and associated 
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remotely-sensed greenness) are often extremely subtle.  Clouds and other atmospheric 

effects are important issues in tropical regions.  Moreover, impacts of human activities 

(e.g., clearing, grazing, cropping) may be scattered and often occur as small and/or 

irregular patches interspersed in a larger matrix of forest.  When tropical forests are 

disturbed or abandoned, secondary forests and the process of forest succession may 

exhibit a unique, unusual behavior as the type and composition of species changes over 

time (Muchoney et al. 2000).  In such circumstances, separating land use change from 

normal seasonal land cover change and sensor or atmospheric impacts is exceedingly 

difficult. 

The phenology of vegetation as derived from remote sensing is usually depicted 

by an annual greenness (NDVI) profile (Figure 3). In order to reduce artifacts that might 

be attributable to sensor or atmospheric anomalies, greenness profiles are often subjected 

to “smoothing.”  Fluctuations in the greenness profile are assumed to indicate the 

seasonal state and behavior of land cover reflecting biophysical phenomena such as 

temperature, precipitation and anthropogenic activities (Reed et al. 1994, Schwartz, et al. 

2003). Reed et al. (1994) derived a widely-used procedure to extract a set of standardized 

metrics from annual greenness profiles which will be explained later. 
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Figure 3. Phenological transition points and phases. (modified from: Zhang, et al. 2001) 

 

 

 Inter-annual changes in greenness profiles (i.e., the timing of important phonological 

events) may be indicative of either short-term, transient (e.g., drought), or long-term, 

possibly permanent, (e.g., deforestation, global warming) events, or both (Bradley et al. 

2007). Four successive phases of vegetation phenology can be observed in most 

greenness profiles: green-up, maturity senescence and dormancy (Zhang et al. 2003). 

Phenological metrics can be extracted and used to model the differences between 

vegetation types and changes between years (Reed et al. 1994). 
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Contemporary approaches to analysis of greenness appear to perform reasonably well in 

mid-latitudes where strong seasonality in climate (temperature and precipitation) can be 

related to the phenology of vegetation (Hill and Donald 2003; Schwartz et al. 2002; Reed 

et al. 1994). Some tropical vegetation types, such as tropical deciduous forest or annual 

crops, can also have such behavior (Figure 4).  Tropical rain forests, however, behave 

quite differently.  Tropical regimes of temperature and precipitation are generally less 

variable and pronounced that those in temperate biomes, and variations in plant 

phenology (and associated remotely-sensed greenness) are often extremely subtle (Figure 

5).  Clouds and other atmospheric effects are important issues in tropical regions.   

 
Figure 4. Multi-year raw (non-smoothed) vegetation index profile showing strong seasonality 

(tropical deciduous forest site) over a five year period starting within January.  Greenness increases 

as the vegetation index approaches a value of 1.  In general, peaks coincide with wetter and warmer 

periods and valleys with dry periods. 
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Figure 5. Typical multi-year raw (not smoothed) vegetation index profile showing little seasonality 

(tropical rain forest site) over a five year period starting with January.  Greenness increases as the 

vegetation index approaches a value of 1.  The general trend shows no variation. Local variations 

may be related to cloud contamination of the imagery.  The profile includes five years starting with 

January. 

 

During the past several decades, many research investigations have been directed 

towards development of methods to extract LULC information from greenness profiles  

A number of authors have used curve fitting functions to reduce noise from vegetation 

index profiles (Jonsson and Eklundh 2002; Zhang et al. 2003; Jonsson and Eklundh 2004, 

Beck et al. 2006; Bradley et al. 2007).  For example, Zhang et al., (2003) using MODIS 

data, stated that “vegetation phenology can be represented using series of piecewise 

logistic functions of time”. They suggested that, since the representation is general, it can 

be used for a description of the phenology of ecosystems characterized by complex 

behavior. Eastman and Fulk, (1993), used standardized principal components analysis 

(PCA) for analysis of change using spatial time series. They argue that the second and 

subsequent principal components correspond to change elements of successive 

decreasing magnitude. de Beurs and Henebry (2004) used quadratic models (i.e. 
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parabolas) to assess land cover change and phenology in semi-arid areas. Although this 

approach is promising, tropical areas may require more complex models since vegetation 

index curves of tropical areas do not follow a parabolic shape. 

Several investigators have also used classical Fourier analysis methods, suspecting that 

they may be more sensitive than other methods to seasonal variability in phenology 

(Moody and Johnson 2001; Azzali and Menenti 2000; Olsson and Eklundh 1994).  The 

Fourier approach decomposes time observations into an average signal depending on the 

number of harmonics selected as the set of sinusoidal components amplitude and phase 

(the mean, amplitude and phase are called Fourier parameters). The parameters, 

summarize the original information contained in the vegetation index profile (Loyarte et 

al. 2008). The simplicity of the resulting Fourier parameters make it easy to understand 

differences between different vegetation types and changes over several years by 

comparing the mean, amplitudes or phases. 

 In addition to examining alternative approaches to characterizing LULC change in 

tropical regions based on greenness, research is required to examine and compare other 

vegetation indices and other sensors (Jonsson and Eklundh, 2002).  It is known that the 

Normalized Difference Vegetation Index (NDVI) which has been used extensively for 

this type of analysis saturates at moderate to high biomass conditions; hence, the Wide 

Dynamic Range Vegetation Index (WDRVI) was proposed by Gitelson (2004) as an 

alternative to increase sensitivity under such conditions. The Enhanced Vegetation Index 

(EVI) (Huete et al. 2002) is also used widely, especially with MODIS data.  Launched in 

December of 1999, the MODIS sensor, carried on-board the TERRA platform, offers 
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finer spatial (up to 250 meters) and spectral resolution than the AVHRR and a number of 

derived standard products including NDVI and the Enhanced Vegetation Index (EVI). 

1.3 Research Objectives 
 

 Improved methods to characterize tropical LULC change are required.  

Conclusive information about the use of different greenness indices at different spatial 

resolutions and about the best methods for seasonal characterization and changes of 

tropical areas is currently not available.  This research will focus on the analysis of 

greenness profiles obtained using MODIS vegetation indices with 250-meter data. The 

seasonal behavior of tropical land cover will be modeled using simple and general 

quantitative models applied to temporal profiles of three different vegetation indices 

(NDVI, WDRVI and EVI).  Seasonal extracted features will be used to generate land 

use/land cover maps and analyze land use/land cover change and the relationship with 

precipitation. Fourier series approximation methods will be employed to determine if it is 

possible to define a specific model with a set of parameters for each land cover type and 

if the differences between the model’s parameters are good indicators of inter-annual 

change. 

Specific objectives are: 

1. To establish the mean (“normal”) seasonal variation of tropical land cover types 

as detectable with MODIS imagery 

2. To compare the sensitivity of the NDVI, WDRVI and EVI for different land cover 

types, and. 
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3. To determine if the Fourier parameters used as seasonal metrics are sensitive for 

different tropical vegetation types and indicators of vegetation changes or climate 

variability. 

1.4 Study Area 
 

This research will be carried within the Mayan forest of southern Mexico and 

Northwest Guatemala (Figure 6).  The Mayan forest, one of the most important northern 

tropical areas in the continent, is an area with a large expanse of undisturbed tropical 

vegetation including several biosphere reserves (Hayes et al. 2002). The Maya Biosphere 

Reserve established in 1990 represents the largest contiguous area of tropical forest 

remaining in Central America (Hayes et al. 2002).  This is an area covered by a variety of 

land cover types including tropical rainforest, secondary vegetation in several stages of 

succession, and tropical grasses resulting from the conversion of the original vegetation 

and wetlands. In the high elevations, between 1000 and 2000 meters above sea level, 

temperate forest is the main vegetation type with cloud forest and mixed forests as 

transition vegetation types. 
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Figure 6. Study area: The red square portrays the extent of the study area covering southeastern 

Mexico-northern Guatemala. The image is a shaded relief map showing in green shades the major 

natural protected areas. 

 

The region has had a long history of human occupation and was the heartland of 

Mayan civilization about 1,100 years ago. The Mayan use of the tropical forest had an 

important impact that is reflected even today since many areas are considered as late 

secondary instead of original forests (Brown and Lugo 1990) and many traditional 

agriculture practices survive. In more recent times, extensive areas of tropical forest have 

been converted to pasture and other agricultural activities. 

Many remote sensing-based studies of land use and land cover have been carried 

out in Mexico, specifically in the area of the Mayan Forest. Most of these have utilized 
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Landsat  imagery (de Jong et al. 1999; Cairns et al. 2000; Ochoa-Gaona and Gonzalez-

Espinoza 2000; Turner et al. 2001; Lunetta et al. 2002; Galicia and Garcia-Romero 2007; 

Porter-Bolland et al. 2007). A few studies using multi-temporal AVHRR data have been 

conducted for the whole country (Mora and Iverson 1997; Ortega-Huerta et al. 2000) but 

these have been limited to analyzing LULC variation for one year only. Mora and Iverson 

made one of the first attempts to use seasonal components in a vegetation/land cover 

classification. Lannom et al. (2001) mapped the percent of forest area and forest cover 

types for Mexico and Central America, and Muchoney et al. (2000) used MODIS 1 km. 

to characterize regional vegetation and land cover for rapid ecological assessment.  

Studies using MODIS have employed mostly 1Km. or 500-meter spatial resolution data 

(Zhang et al. 2003; Myneni et al. 2002; Fisher and Mustard 2007). In areas such as  

Southern Mexico and Central America where the forest remnants are highly fragmented 

(Mayaux et al. 2004), use of the highest MODIS spatial resolution data (250-meter) is 

required. 

1.5 Synopsis of Methods 
 

This research is based primarily on the MODIS13 16-day vegetation index 

dataset, a set of NDVI maximum-value composite images for the years 2001-2005 

obtained from the Earth Observing System Data Gateway (WIST) 

https://lpdaac.usgs.gov/lpdaac/get_data/wist. Analysis was carried out as follows: 

(1)  Two vegetation indices (NDVI and EVI) were extracted from the MODIS dataset and 

stacked by year.  The WDRVI was calculated from the NDVI.    

https://lpdaac.usgs.gov/lpdaac/get_data/wist
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(2)  Samples of key vegetation types (tropical rainforest, tropical deciduous forest, 

temperate forest, secondary forest, annual crops, grass and pasture) were identified using 

higher resolution Landsat Enhanced Thematic Mapper (ETM) imagery. The Regions of 

interest (ROI) samples were stacked to obtain an annual profile of vegetation indices 

from which greenness profiles (for vegetation type and year) were extracted.  

(3)  In order to evaluate the performance of the three vegetation indices (NDVI, EVI and 

WDRVI) a wavelet analysis was carried out to evaluate the periodicity of the data. Morlet 

wavelet analysis was used to determine if there was a periodic behavior (related to 

seasonality), and if so, how strong this periodicity was when it occurred. This was done 

in order to define which of the indices provides more information in terms of seasonality. 

Statistical correlations between the indices and precipitation as well as a sensitivity index 

proposed by Viña et al. (2004) were used to compare how the indices behave. 

(4) Vegetation index profiles were analyzed using a temporal feature extraction known as 

Fourier series approximation (Olsson and Eklundh 1994; Moody and Johnson 2001; 

Jakubauskas et al. 2001) which decomposes a time series of signals into a sum of sine 

and cosine functions of different periods until the best fit is approached. The output of 

this method provides a set of optimal function parameters (mean amplitude and phase 

angle by harmonics) that can be related to the annual and inter-annual properties of each 

land cover type. The modeling describes the main components of the whole curve 

(optimal parameters of the function) rather than specific break points related to the 

start/end of the growing season. Therefore any kind of curve shape can be modeled, not 

only the ones that exhibit a strong seasonal component at the same time, the procedure 
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smoothes the curve; hence spurious data is eliminated. Since the parameters (Fourier 

coefficients) describe the contribution of part of the function at each period, they are used 

to evaluate differences by comparing the same parameter value between years and to 

perform a land cover classification based on temporal characteristics.  Changes in 

amplitude and/or shift in phase angle of a particular period can be related to changes in 

structure and function of the ecosystem, due to natural processes such as climatic 

variations, natural succession or human-related processes like land-use management 

(deforestation, forest degradation, forest fragmentation). 

(5) Fourier series approximation was used on a pixel by pixel basis in order to obtain 

images which show the spatial pattern of each parameter (mean, amplitude and phase 

angle) and determine the differences between years.  The Fourier parameters were input 

to an unsupervised classification in order to obtain a land use/land cover product (one per 

vegetation index) which was then compared with ground truth data. Results show which 

index performs better for a rapid assessment evaluation based on temporal characteristics 

of the land cover. 

1.6 Implications of Research 
 

This research is expected to lead to better understanding of the relationships 

between multi-temporal vegetation index profiles derived from coarse-resolution satellite 

imagery and natural dynamics in tropical forests.  More specifically, the advantages and 

disadvantages of using different vegetation indices will be defined. The research will also 

contribute to a better understanding of means for monitoring the seasonal dynamics of 

tropical regions at regional scales and identifying intra and inter-annual changes that may 
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be related to events such as climate change or human-induced land use transformations.  

Such efforts are critical to support biodiversity conservation, sustainable development 

and management of protected areas in tropical biomes. 

 

1.7 Organization of the Dissertation 
 

 This thesis is organized in five chapters.  Chapter 1 provides the overall scope and 

objectives of the project.  In Chapter 2, key background literature pertaining to the 

characteristics and importance of tropical forests, the use of multitemporal remote 

sensing to monitor LULC change in tropical areas is reviewed. Chapter 3, presents a 

detailed description of the study its particularities, complexity and importance in the 

global and local context.  Chapter 4 focuses upon the research methods including a 

detailed description of the datasets used and preprocessing and processing methods.  

Results of the research experiments are presented in Chapter 5.  This chapter includes 

comparison of the research results with other pertinent studies and evaluation of the 

findings.   The comparison of vegetation indices and the results of applying the Fourier 

series approximation method are shown in graphs and tables for the key vegetation types. 

In addition, a per-pixel analysis of Fourier parameters and also the land cover/land use 

classification are presented. Chapter 6 comprises a summary of the investigation and its 

implications, including suggested avenues for future research. 
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Figure 11. Elevation and Geomorphic Units of the study area. This map shows the complexity of the topography of the study area which influences the 

environmental condition. 
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Figure 17. Natural protected areas. Protected areas are located in different environment conditions including tropical forests, cloud forests and 

wetlands among others. 
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Chapter 4 Data and Methods 
 

4.1 Data Sources 
 

MODIS is an instrument carried aboard the Terra and Aqua satellites. The Terra 

satellite is known as the morning (AM) satellite while Aqua is known as the afternoon 

(PM) satellite.  Terra MODIS and Aqua MODIS view the entire Earth's surface daily, 

acquiring data in thirty six spectral bands. The following table shows the primary use of 

each band number and the bandwidth for each spectral band. 

 

Primary Use Band Bandwidth
1
 

Land/Cloud/Aerosols 

Boundaries 

1 620 - 670 

2 841 - 876 

Land/Cloud/Aerosols 

Properties 

3 459 - 479 

4 545 - 565 

5 1230 - 1250 

6 1628 - 1652 

7 2105 - 2155 

Ocean Color/ 

Phytoplankton/ 

Biogeochemistry 

8 405 - 420 

9 438 - 448 

10 483 - 493 

11 526 - 536 

12 546 - 556 

13 662 - 672 

14 673 - 683 

15 743 - 753 

16 862 - 877 

Atmospheric 

Water Vapor 

17 890 - 920 

18 931 - 941 

19 915 - 965 

Primary Use Band Bandwidth
1
 

Surface/Cloud 

Temperature 

20 3.660 - 3.840 

21 3.929 - 3.989 

22 3.929 - 3.989 

http://modis.gsfc.nasa.gov/about/specifications.php#1
http://modis.gsfc.nasa.gov/about/specifications.php#1
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Equation 7. Fourier series equation (simplified) 

 Where: 

ck is the amplitude of the kth term (which is the kth harmonic) and 
k

is the phase angle of the kth 

term. 

 Depending of the shape of each particular curve there are specific constant, 

amplitude and phase values for each harmonic which can be used to differentiate or 

compare curves with different shapes. 

Each vegetation index profile is related to a specific land cover type and is 

defined by a unique amplitude and phase angle for each harmonic component 

(Jakubauskas et al. 2001). Where the amplitude value is half of the height of a wave of 

the harmonic for each component and the phase angle is the offset between the origin and 

the peak of the wave (sine or cosine function) over the range 0 to 2  

 The amplitude and phase angle values can be also obtained from the Fourier 

coefficients obtained from Equation 6. The amplitude is a function of the square root of 

the sum of the squared coefficients c and s and the phase angle is the arc tangent of the 

quotient between the Fourier coefficients c and s for each harmonic. 

 Two examples of the amplitude and phase angle functions and values using four 

harmonics for two contrasting land cover types:  tropical rain forest and tropical 

deciduous forest are shown in Figure 24, Figure 25 and Table 4. Phase angle values were 

converted to time (16-day period values). 
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Figure 26 NDVI, EVI and WDRVI comparison over five years for tropical deciduous forest. 

 

 

Red-NIR NDVI EVI WDRVI 

Minimum 0.11 0.42 0.20 -0.60 

Maximum 0.44 0.90 0.68 0.30 

Range 0.33 0.47 0.48 0.90 
 

Table 5. Maximum, minimum and range of vegetation indexes of tropical deciduous forest sample 

 

Annual profiles plots of the three VIs plus the NIR-Red relationship are shown 

(Figure 27 to Figure 31). In all cases, the EVI shows the most variation during the peak 

of the growing season followed by the WDRVI which also increases the dynamic range 

during that period (biweekly periods 10 to 21) The NDVI has a more smoothed profile 

with subtle variations. The NIR-Red profile is very similar to the EVI. In 2001, the peak 

during the growing season starts in the biweekly period 10 for the NDVI and WDRVI 

cases (lower value for the WDRVI) whereas the EVI is shifted to the right (between 

biweekly periods 11 and 12). Also there is a local minima for the EVI in the biweekly 
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Figure 30. 2004 index comparison for a tropical deciduous forest site. The EVI and NIR-Red show 

more local variation in time and VI value whereas the other two indices have a similar pattern. 

 

 

Figure 31. 2005 index comparison for a tropical deciduous forest site. The EVI and NIR-Red show 

more local variation in time and VI value whereas the other two indices have a similar pattern. 
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5.2.1 Amplitude and Phase Angle Parameters 
 

Optimal amplitudes and phase angle values of each temporal profile were 

obtained applying Equation 7. As stated, it is expected that the amplitude (ck) and phase 

angle ( k) values vary for each land cover/land use types according to their temporal 

behavior. Vegetation types with strong seasonality will have high amplitude values in the 

first harmonic contrasting with vegetation types with limited seasonality which will have 

low amplitude values. The amplitude value is the value of the peak of the first harmonic 

(first sinusoidal curve) and depends of the overall behavior of the temporal profile. High 

amplitude values indicate unimodal temporal vegetation index patterns where land 

use/cover has a wide range of values (Jakubauskas et al. 2002). The phase angle is the 

location value of the peak of the amplitude value and it is related to time of occurrence of 

the maxima (Jakubauskas et al. 2002). The constant Fourier parameter (a0) which 

corresponds to the year mean value can be used as an indicator of the overall productivity 

for each year (Loyarte et al. 2008). Subsequent amplitudes and phase angles represent the 

contribution of other local effects including noise and they have less and less 

contribution. 

Below are the results for the same group of samples shown above of two 

contrasting natural vegetation types (tropical deciduous forest and tropical rain forest) 

these show in a detailed manner the harmonic decomposition procedure and how the 

method works for each vegetation type for the analyzed period. Each graph shows the 

data profile, the estimated function values and the first three harmonics. The first group 

of graphs (Figure 55 to Figure 59) corresponds to tropical deciduous forest type for the 

analyzed period (2001-2005). 
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Figure 59 Tropical deciduous forest profiles 2005. The estimated values from the model approach the 

original data, the first harmonic shows the annual component, the second harmonic, the six months 

component and the third harmonic the four months component. 
 

 The profiles are characteristic of vegetation types with strong seasonality 

behavior: low values increasing with a strong slope as the rainy season starts, slight 

variations during the rainy season showing sometimes more than one maximum value 

and a descent to senescence. In most of the cases the start of the season (drastic increase 

of the vegetation index value) is around the biweekly period 7 for 2001 and 2003 years, 

around 8-9 for 2002 and 2004 and around 5-6 for 2005. The slope is steepest for the years 

2001, 2002, and 2004 and less steep for the years 2003 and 2005. Also the expected mid-

summer drought effect is present with different intensities in all the years except in 2005 

which show also a slight descent at the end of the season compared with the other years. 

The first harmonic curve has in all cases values with maxima around 0.2 and is located 

around the biweekly period 15-16. 
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Fourier parameter) and in the histograms for the phase images (Figure 74) low phase 

values can be interpreted as early precipitation increment. There is considerable spatial 

variation for each year and between years. In general higher phase values are located in 

areas of temperate forests and continuous tropical forests (see Figure 16 land use/land 

cover map).  Lower values are more frequent in areas of rain fed crops and grass/pasture. 

In the 2005 image the lower phase values are more frequent followed by 2003. Both 

years were characterized by an early precipitation regime compared with the rest of the 

years. Lower phase values are evident except in the Chiapas highlands and the northern 

part of the Petén lowlands (Figure 11). 


