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ABSTRACT

The spatial and temporal responses of natural landscape ecosystems in the Northeast

region of Brazil (NEB) to changes in rainfall conditions over the last two decades of the

20th century have not been fully examined. The NEB ecosystems are highly dynamic

landscape responding to weather conditions, of which rainfall is the most important

variable. The research described in this dissertation was conducted to test whether or not

the impact of rainfall fluctuations on the vegetation dynamics can be spatially and

temporally differentiated within the NEB ecosystems. This was achieved in two phases:

In phase one, the spatial and temporal consistency of the response of monthly normalized

difference vegetation index (NDVI) derived from Advanced Very High Resolution

Radiometer (AVHRR) data records to monthly rain gauge data records for the period

1982-1993 was assessed. This assessment of the spatial and temporal responses of the

NDVI time series data to rainfall time series data tested the hypotheses that responses of

NEB ecosystems to rainfall conditions can occur with different time lags and can be

spatially heterogeneous. This was achieved by using correlation coefficients with

different time lags and by applying factor analysis through the use of Varimax rotation.

In phase two, the spatial and temporal variability of the NDVI responses to NEB land

surface conditions for the period 1982-2001 was quantified. This quantification of

temporal and spatial variability in NDVI across the NEB ecosystems tested the

hypothesis that responses of NDVI variability to land surface conditions of the NEB can

be temporally and spatially heterogeneous by combining statistical parameters of monthly

11
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series of NDVI (minimum, mean, maximum, anomalies and coefficient of variation) and

by using annual NDVI images.

The results of phase one of this research showed that the direct response (i.e., no

lagged response) of the NEB ecosystems to rainfall was associated with different land

cover types. A strong positive relation was found in rainfall-limited NEB ecosystems that

are associated with Caatinga biome. Particularly, the disturbance of the landscape

reduced the significance of the relationship. Over the Cerrado biome and Atlantic rain

forest (evergreen tropical forest), significant negative relations between NDVI and

rainfall were found where there are no moisture availability constraints. However, the

NDVI responses of the NEB ecosystems to changing rainfall conditions were found to be

strongly positive for the correlation of NDVI with rainfall in the concurrent plus one

previous month. This was demonstrated for most of the NEB ecosystems, except for the

southeastern NEB that is formed by the Atlantic rain forest that, in certain areas, has been

converted to cropland. In general, there is a good spatial agreement between the NEB

ecosystems and the patterns of NDVI variability on both the annual basis and the inter-

annual basis as the temporal responses of the NEB ecosystems are affected by both

positive and negative correlations with rainfall.

In phase two, the results show clear indications that, for the inter-annual NDVI

variability in the interval between 20% and 45% variability a positive response of ND VI

to changes in rainfall exist for most of NEB ecosystems where main annual rainfall

amounts vary from 300 to 750 mm. A strong decrease of response was found in the

monthly NDVI anomalies trend over the period of September 1988 to August 1997. The
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decrease might be interpreted as a response of NEB ecosystems caused by the impact of

enhanced aridity over the 1990s.

Overall, in the first phase, it was observed that responses of different land cover

types of the NEB to rainfall conditions appeared to occur with different time lags and

appeared to be spatially heterogeneous. In the second phase, the inter-annual NDVI

variability in the NEB ecosystems to land surface variations appeared to be temporally

and spatially heterogeneous. These results suggest that vegetation responses over the

NEB ecosystems to changing rainfall conditions, as measured by changes in NDVI to

rainfall fluctuations, may have a potential for predicting the impact of rainfall conditions

on the NEB landscape dynamics.



CHAPTER I

INTRODUCTION

Overview

Natural landscape ecosystems over the Northeast region of Brazil (NEB) have

experienced persistent drought episodes and environmental degradation during the last

two decades of the 20 th century, however, information concerning their spatial and

temporal changes is limited and scattered (MMA, 2000). The impact of rainfall

fluctuations on vegetation dynamics (i.e., the response of land cover types to rainfall

conditions) across the NEB ecosystems is also poorly characterized, at least in

comparison to the Cerrado biome (Central region of Brazil) and the Amazônia biome

(North region of Brazil). The vegetation dynamics and land use changes (i.e., the

response of land cover types to human activity) over the latter biomes have drawn

international attention (e.g., Nepstad et al., 1997), yet, of the three biomes, the NEB

Caatinga biome continues to be the least studied but is, nonetheless, the most susceptible

to weather variations, having rainfall as the first order driving variable of both water

availability and total primary production (Barbosa, 1998). This is so even though

climatological studies (e.g., Silva 2003) and global climate models (e.g., Oyama and

Nobre, 2004) have suggested the NEB region to be the first eco-landscape in Brazil to

show high susceptibility to the climate variability. These extreme climatic conditions

(e.g., drought and flood episodes) in the NEB region may have contributed to changes in

the physical appearance and functioning of its land surface in terms of its radiative

properties, its hydrological function, and its turbulent characteristics (e.g., Cavalcanti et

14
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al., 2002). Because of the convergence of these multiple factors on the NEB physical

landscape during the past two decades, it is important to understand to what extent its

land cover types respond to rainfall variations.

The NEB ecosystems may, therefore, be coupled with complex interactions

involving atmospheric processes, oceanic processes, and human induced land cover

transformations over the two last decades of the 20th century. It is well known, for

example, that the long-term rainfall variability over the region has been long associated

with specific sea surface temperature (SST) anomaly patterns over the Atlantic and

Pacific Oceans (e.g., Moura and Shukla, 1981; Rao, 1995). Additionally, the extent and

severity of the drought conditions depended on both ocean temperature anomalies (e.g.,

Uvo et al., 1998). These drought events have motivated numerous studies that

collectively documented the high sensitivity of NEB rainfall to both large-scale oceanic

variability (e.g., Kousky and Cavalcanti, 1997). For instance, anomalously warm

conditions prevailed during 1990s in the central and eastern tropical Pacific Ocean. The

El Nifio that developed in 1991 lasted almost continuously through 1995 and reappeared

at record-breaking levels in 1997, following a moderate La Nina in 1995/96. It may be

argued that the 1990s was an anomalously dry decade, and that the decline in rainfall

between 1991 and 1995 contributed to a series of disasters and disaster responses,

especially during 1997. In particular, the 1980 and 1990 periods differed in the frequency

and intensity of El Nino events that increased starting in 1991. Coupled with these

dynamic systems is the changing socio-economic agricultural context in which farmers

and households of this region operate. Traditionally, such droughts have significant
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impacts on regional and local food production, with both economic and social

consequences (e.g., Nimer, 1988).

Global remote sensing data of vegetation have been effectively provided by the

Advanced Very High Resolution Radiometer (AVHRR) instrument at the National

Oceanic and Atmospheric Administration (NOAA) series of satellites since the early

1980s. Of particular importance has been the availability and analysis of time series data

of normalized vegetation difference index (NDVI) derived from the NOAA AVHRR that

have been successfully used to assess the differentiated response of land cover types to

inter-annual climatic variability at continental scale (e.g., Zhou et al., 2001). To

investigate the differentiated impact of climate variations on different regions and land

cover types, the long-term availability of NDVI time series data across the semi-arid

tropical ecosystems can be reliable indicators of climatic factor such as rainfall, even

though NDVI temporal response is in a way a delayed reflection of rainfall (i.e., time

lags). A majority of the research that has examined NDVI-rainfall relationships has been

emphasized on Africa (e.g., Malo and Nicholson, 1990; Eklundh, 2003), and virtually all

research in that region has focused on El Nirio-Southern Oscillation (ENS0)-vegetation

associations (Anyamba and Eastman, 1996; Azzali and Menenti, 2000). However, the

rainfall over NEB is highly seasonal and is also sensitive to anomalies in some extent to

ENSO, which results in a previous impact of vegetation (e.g., Liu and Negr6n Juárez,

2001). The effects of the El Nirio events on the vegetation dynamics in the NEB

landscape are similar to the Southern African landscape (i.e., El Nirio causes drought

which leads to a decrease in NDVI). Indeed, rainfall and vegetation conditions in the

NEB Caatinga biome are highly correlated with each other. For instance, across the NEB
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Caatinga biome, the correlation coefficient between annual rainfall and the NDVI is as

high as 0.74 (e.g., Barbosa, 1998). The cause of this significant correlation is due to

vegetation growth in the NEB Caatinga landscape that is limited by water availability.

Overall, this dissertation seeks to add to the general understanding of the dynamic

responses of vegetation in the NEB ecosystems to rainfall conditions over the last two

decades of the 20 th century.

Problem Statement and Dissertation Format

Across the NEB ecosystems, the amount and timing of rainfall are likely to be the

dominant factor controlling vegetation dynamics and ecosystem structure. While

variability in the inter-annual and annual rainfall regime has a large impact on the NEB

ecosystem, the spatial distribution of the land cover is closely related to mean rainfall

conditions (Barbosa, 1998). In this context, the impact of rainfall fluctuations on the

vegetation dynamics is expected to be the first driving force, but the impact is not

expected to be the same for every region. Despite the large body of work which has been

dedicated to further understand the complex relationships between vegetation dynamics

and rainfall in a semi-arid tropical climate (e.g., Nicholson et al., 1990), considerable

uncertainty of vegetation responses to changes in rainfall still remains. This uncertainty is

limited due primarily to the lack of understanding of how rainfall and ecosystem agents

interact with each other over space and time, since usually there are heterogeneous

temporal lag effects (Zhou et al., 2001). Because the relationships between NDVI and

rainfall are highly dependent on regional effects, such as location, vegetation type, and

soil, more required analyses are needed for different ecosystems to better understand the



18

vegetative response to rainfall forcing. Despite the increasing number of studies on NDVI

response to rainfall, few studies have assessed temporal and spatial patterns in great

detail. In NEB, there is presently no existing literature or work done toward using long-

term NDVI and rain gauge data records. Moreover, the understanding of rainfall and

vegetation interactions is limited by the lack of good quality, high-resolution rainfall data

record at the regional scale, especially in semi-arid tropical regions like NEB. However,

because the NEB ecosystems experience different rainfall regimes, the spatial and

temporal impacts of rainfall variations on the NEB landscape dynamics might be

expected to differ within the NEB vegetation formations. Indeed, the spatial and temporal

responses of NEB ecosystems to rainfall conditions might occur with different time lags

and might be spatially heterogeneous. While previous work (Barbosa, 1998) has normally

assumed that response of the NEB ecosystems to rainfall was spatially homogeneous, in

reality, it is expected to be more complex.

The research was completed in two phases: Phase one assessed the spatial and

temporal patterns of the response and variability of NEB ecosystems to rainfall

conditions by assessing the spatial and temporal consistency of the response of NDVI

time series data to rainfall time series data for the period 1982-1993. This assessment of

the spatial and temporal responses of the NDVI time series data to rainfall time series

data tested the hypotheses that responses of NEB ecosystems to rainfall conditions can

occur with different time lags and can be spatially heterogeneous. This was achieved by

using correlation coefficients with different time lags and by applying factor analysis

through the use of Varimax rotation. Phase two evaluated the spatial and temporal

consistency of the response of ND VI variability to land surface conditions of NEB for the
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period 1982-2001. This quantification of temporal and spatial variability in NDVI across

the NEB ecosystems tested the hypothesis that responses of NDVI variability to land

surface conditions of the NEB can be temporally and spatially heterogeneous by

combining statistical parameters of monthly series of NDVI (minimum, mean, maximum,

anomalies and coefficient of variation) and by using annual NDVI images.

The key question addressed in phase one is: How do the spatial and temporal

patterns of NEB ecosystems respond to rainfall conditions? The key question addressed

in phase two is: Do the AVHRR NDVI data records capture the spatial and temporal

variability of land surface conditions across the NEB ecosystems? In particular, the semi-

arid ecosystem of the NEB has experienced intense and widespread drought episodes

over the last two decades, which worsened over the 1990s. The inter-annual rainfall

variability has motivated various studies (e.g., Uvo et al., 1998) that collectively

documented the high sensitivity of NEB rainfall to both large-scale tropical SST and

atmospheric circulation within the same time period. The variability of extreme rainfall

anomalies (e.g., drought episodes) can strongly affect the appearance and functioning of

the region's land surface conditions (e.g., Cavalcanti et al., 2002). This dissertation is

organized following the review of literature, study region and data, methodology, which

are described in Chapter 2, Chapter 3 and Chapter 4, respectively. Finally, the results and

conclusions of the two phases are presented in Chapter 5 and Chapter 6, respectively.



CHAPTER II

LITERATURE REVIEW

Background

Several prior studies in NDVI-rainfall relationships in Brazil and Africa ecosystems

provided much of the motivation for the present dissertation. These studies have been

undertaken over a range of spatial and temporal scales and in different biomes of semi-

arid tropical ecosystems. In East Africa, Davenport and Nicholson (1993) found that the

linearity in the NDVI response to the minimum rainfall threshold was limited at 500

mm/year or 50-100 mm/month. Similar observations were made by Malo and Nicholson

(1990) who studied the relationship between NDVI and rainfall in the semi-arid of Mali

and Niger. They found that the monthly NDVI might be best explained by a linear

correlation with lagged rainfall of the two months. In Brazil, Barbosa (1998) studied the

semi-arid NEB and observed a lag between monthly NDVI with mean rainfall of one

month. He also found some degree of interdependence between them. In the Sahel,

Tucker and Nicholson (1998) have shown that the high inter-annual variability in the

vegetation extent varies significantly in response to rainfall, and does not constitute

systematic land degradation or desertification. Nonetheless, the climate variations effect

is driven in the non-linear response of vegetation to rainfall, which has been widely

shown to exist through multiple equilibrium steady states (i.e., simulation of new

equilibrium spatial distributions of vegetation due to changed climate) in the coupled

atmospheric general circulation (AGCM) and simplified simple biosphere (SSiB) models

(e.g., Claussen, 1994). Despite the increasing number of studies applying the NOAA

20
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AVHRR-derived NDVI in NEB, no direct comparison of these two long-record data has

been employed to determine how well they agree when used in both regional and

temporal scales. This thesis presents the findings of such a comparison.

Beyond the regional motivations exposed above, there is also the objective to

identify physical landscape dynamics in NDVI data records over the two last decades of

the 20 th century over the region. In this context, the NEB has generally received little

attention from the point of view of satellite remote sensing studies. This region offers an

interesting scenario for atmospheric circulation patterns on both spatial and temporal

rainfall regimes. Climatically, the northeast region of Brazil is subjected to strong

seasonal variability of rainfall gradient along the northern and southern direction of the

region. Additionally, during the early years of the 20 st century, numerous reports of loss

of vegetation cover in the semi-arid Caatinga region have raised widespread concerns

about biophysical impacts of desertification over the area (CONAMA, 1997).

Given the strong climate variability on both the seasonal and inter-annual

timescales, and also considering the limited availability of longer-term meteorological

records over the NEB, the twenty-three years of NDVI data records have the ability to

document and diagnose environmental changes in the past twenty years (e.g., Roerink et

al., 2003). In this regard, the dynamic response of NDVI to variations in rainfall can be

determined simultaneously in spatial and temporal scales. To provide this long-term land

data records, the NOAA AVHRR series of satellites have been used to provide daily

global coverage data of visible and near infrared surface reflectance that have been

derived as a green vegetation amount (i.e., NDVI values) to monitor the phenology of

ecosystems at continental and global scales since the 1980's (Tucker et al., 1991).
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Historically, the ability to monitor vegetation dynamics and changes using long-

term land records from NOAA AVHRR satellites has been well established through the

use of NDVI images. These long-records of NDVI images are available for the entire

globe. The importance of NDVI derived from AVHRR images to detection of the

changes over space and time is crucial to climate studies (e.g., Eklundh, 2003). Actually,

long-term vegetation dynamics and changes at the regional and global scales have been

based on the NDVI time series (e.g., Myneni et al., 1997a). The NDVI is often used for

application ranging from the estimating annual net primary production (e.g., Ruimy et al.,

1994) through to the monitoring of decadal trends in CO2 and temperatures (e.g., Myneni

et al., 1997a). A popular tool for studying vegetation dynamics with the AVHRR data

records is the use of the NDVI. Indeed, the NDVI was mathematically developed to

enhance the green vegetation amount by using the spectral reflectance of red and near

infrared portions of the electromagnetic spectrum, while normalizing sensor, topography

and illumination-related noise. This technique can provide a reliable measure of green

vegetation amount and conditions as a function of landscape factors. In arid and semi-arid

ecosystems, like the study region, green vegetation amount and condition are a function

of environmental variable such as rainfall. As a result, a strong relationship, involving a

delayed response in vegetation to rainfall conditions that is expected between NDVI and

rainfall (e.g., Malo and Nicholson, 1990). Particularly, the relationship between NDVI

and rainfall is known to vary spatially due to the effects of variation in properties such

vegetation type and soil brightness (i.e., soil type) (Huete, 1994), in which the response

of NDVI values to variations in rainfall changes regionally. Additionally, the NDVI

values may be also affected by other factors than vegetation type and soil brightness such
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as viewing and illumination angles, sensor calibration, geometric registration errors,

image compositing (e.g., Van Leeuwen et al., 1999). In the NDVI derived from NOAA

AVHRR reflectances, the difference between the near-infrared (NIR = 0.725 — 1.10 um)

and red (RED = 0.58-0.68 p,m) spectral bands is divided by their sum. NDVI is calculated

using the following equation: NDVI = (NIR — RED)/ (NIR + RED). The absolute value

of the result will be between zero and one. The greater the amount of photosynthetic

activity presents the higher the NDVI value. Although NDVI does not measure rainfall

directly, previous studies (e.g., Malo and Nicholson, 1990) have shown that NDVI can be

used as a climatic recorder in the semi-arid tropical climate. Since NDVI can record plant

stress (which is caused by a soil moisture deficit), it has been used successfully in

numerous studies of drought as a surrogate measure of rainfall in semi-arid tropical

landscape (e.g., Barbosa, 1998).

During the past two decades, the long-term NDVI data records derived from

AVHRR records have been used for monitoring of vegetation dynamics in Brazil for

regional studies. Much of these studies have focused on the use of the extended time

series of NDVI derived from AVHRR satellites (e.g., Batista et al., 1997). Previous

studies indicated that there is a significant relationship between monthly NDVI and mean

monthly rainfall values over the NEB. For instance, Barbosa (1998) showed that the

monthly series of NDVI derived from NOAA AVHRR data records for various sites

within the region are strongly correlated with monthly series of mean rainfall obtained

from weather stations. The results illustrated that the strength of the NDVI/rainfall

correlations are usually between NDVI and two-accumulated month of mean rainfall. Liu

and Negr6n Juárez (2001) demonstrated that monthly anomalies in NDVI could be used
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as a proxy measure of rainfall shortage to construct an ENSO onset for drought

prediction. The results indicated the model coupled with high anomalies in NDVI and

tropical SST indices predicts drought onset, four months before its episode with 68%

accuracy. They suggested that the use of ND VI data records have better performance than

rainfall when correlated with ENSO indices to predict ENSO-induced drought onset in

NEB. Several techniques have been used for analyzing the association between NDVI

and climate conditions in Brazil. Gurgel and Ferreira (2003) applied normalized principal

component analysis (PCA) to isolate the modes (i.e., components) of variability in NDVI

time series that are associated with climate variability on the annual and inter-annual time

scales. The results showed that the first component of PCA explains of NDVI variability

that is associated with the main patterns of land vegetation types over Brazil. In

particular, these authors have suggested a linear response of Caatinga and Cerrado

biomes to climate variations in Brazil at the inter-annual and annual timescales. While

most of these studies have usually ignored the impact of spatial variability in NDVI

patterns due to variations in climate. Indeed, the spatial responses of these ecosystems to

rainfall variations are likely to be more complex (i.e., different time lags).

In particular, in the last decade, several methods have been developed to

decompose the time series of satellite derived vegetation greenness signal (i.e., NDVI

data) to characterize land cover patterns to inter-annual climate variability. The most

common approaches include multi-temporal principal component analysis-PCA (e.g.,

Anyamba and Eastman, 1996), NDVI thresholds (e.g., White et al., 1997), and coefficient

of variation-CV (e.g., Weiss et al., 2000). Similarly, covariance-based analyses were used

to identify temperature-related greening patterns reported by Zhou et al (2001). To some
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extent, however, using the above methods based on linear regression coupled with the

NDVI time series permits the ability to detect the changes in land cover dynamics at the

global scale. Nonetheless, when applying a regional and global regression analyses, it is

assumed that the interaction under study is spatially stationary (i.e., average and standard

deviations are constant), but, indeed, the interaction may vary spatially. In this case, it

may be more suitable to undertake local rather than regional or global analyses since the

interaction may be function of location.

Both the seasonal and inter-annual variability in rainfall regimes over the NEB are

highly variable both spatially and temporally. In particular, there is an increased

heterogeneity of the landscape systems (see details in Chapter 3). Nevertheless, seasonal

conditions are very variable both spatially and temporally and there can be high

differences in rainfall within the NEB, especially during El Nifio years. In most literature,

therefore, multivariate factor analysis (FA) based on a correlation matrix is often used for

delimiting climate regions (e.g., Comrie and Glenn, 1998). These methods include

empirical orthogonal functions (E0F), or principal component analysis (PCA), and its

varied extensions, such as maximum covariance analysis (MCA) and canonical

correlation analysis (CCA). In this case, previous studies (e.g., Zhou et al., 2001;

Rodwell et al., 2002) using NDVI and near-surface air temperature time series over

North America and Eurasia identified that spatial and temporal patterns in both fields

applying CCA approach are associated with the main modes of the ENSO and the Artie

Oscillation (AO). They revealed that the consistent greening trend (NDVI) in both North

America and Eurasia has a statistically strong relation with the near-surface air

temperature warming in the past two decades of 20th century. In Brazil, Gurgel and
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Ferreira (2003) have also demonstrated the application of NDVI time series records to

isolate spatial and temporal patterns in NDVI through the use of PCA. Particularly,

Maldonado et al., (2002) identified that decreasing in green vegetation amount associated

with land degradation within the Caatinga vegetation using PCA with a smaller angle of

rotation. They concluded that this method is adequate for the detection of changes within

the Caatinga vegetation with an accuracy of 68%.

In general, factor analysis is a kind of linear decomposition of multivariable time

series. Multivariate statistical approaches have been used effectively in the area of remote

sensing and climate studies (e.g., Mestas-Nuriez and Enfield, 1999; Eastman and Fulk,

1993) as a simplification of the data, data reduction, outlier selection and classification.

The central idea behind these approaches is to reduce the dimensionality of a data set,

which consists of a large number of interrelated variables, while retaining, as much as

possible, the variation present in the data. The interpretation can be enhanced with a

rotation (orthogonal or oblique) of the axes such that these modes become more

representative without reducing the variability extracted by the new variables. The

underlying principle of the varimax orthogonal rotation is to quantify the variability of

the loadings by maximizing the variance of squared loadings. This results in the loadings

towards zero or ± 1. The varimax orthogonal rotation approach has been widely used in

climate research where long records of global observations are common, but not often in

remote sensing research. A detailed discussion of the pros and cons of FA (e.g., varimax

orthogonal rotation) is given by Richman (1986). There are also excellent books on factor

analysis (e.g., Stevens, 1986).



Mean annual rainfall
of South America

CHAPTER III

STUDY REGION AND DATA

Study Region

The spatial context for this dissertation is Northeast region of Brazil (NEB), and is

located on the equatorial zone, approximately I ° to 18°S latitude and 35 ° to 47°W

longitude, covering an area of about 1.5 million square kilometers (Figure 1). It is

considered an anomalous region within this equatorial zone because in contrast to other

regions such as Amazônia, the NEB has a semi-arid tropical climate.

NDVI imagery of Brazil

Figure 1. Northeast region of Brazil (NEB): climatic and geographic setting. Vegetation

map, NDVI imagery and rainfall data records provided by IBGE, NASA and SUDENE,

respectively.
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In general, the region can be divided into three broad ecosystems: 1) the semi-arid

Caatinga region, covers roughly 60% of NEB, with mean annual rainfall less than 800

mm; 2) the Cerrado region in western NEB, where mean annual rainfall at least 1000

mm; and 3) the humid coastal region partially isolated in eastern NEB, with mean annual

rainfall of 1500 mm. The climate of the region is defined primarily as semi-arid and is

subjected to large seasonal and inter-annual variability (e.g., Hastenrath and Heller,

1977). Specifically, the semi-arid Caatinga region receives more than 80% of its mean

annual rainfall during the rainy season, which extends from February to May, when the

ITCZ reaches its southernmost extent. The ENSO effects are dominant over the semi-arid

part of the region with usually below average precipitation associated with an El Nifio

condition.

More importantly, regional rainfall distribution across the NEB is organized by

two mainly convective zones, which exhibit strong seasonality in both spatial and

temporal patterns. Seasonal rainfall in the southern part of NEB is distinguished by the

presence of the South Atlantic Convergence Zone (SACZ), which extends southeastward

from the Amazônia to the subtropical Atlantic Ocean (e.g., Kousky and Cavalcanti,

1997). From November to January, the main rainy season of the southern part of NEB is

under the influence of the SACZ, with maximum rainfall in December. In contrast,

seasonal rainfall in the northern part of NEB is controlled by the northernmost-

southernmost position of the ITCZ, which has been widely studied (e.g., Nobre and

Shukla, 1996). The southward migration of the ITCZ from February to April is associated

with the rainy season of the northern part of NEB. Between the two zones there is both a

dry zone of general atmospheric and surface divergence such as the Bolivian high-NEB.
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The latter system is determined by anti-cyclonic circulation in the upper troposphere

during the summer months in the western part of NEB (e.g., Tanajura, 1996). Although

less well-known than the ITCZ, the South ITCZ (SITCZ) over the eastern tropical Pacific

is a feature of the climatological austral winter (July-August) that is displaced south of

the equator in the zone between 3 °S to 10°S and 20°W to 35°W (Hastenrath and Lamb,

1978). However, the SACZ, ITCZ, and SITCZ zones, which bring the greater part of

NEB rainfall, are quite complex and change annually. Figure 2 effectively shows both the

geographical and seasonal characteristics of NEB rainfall, particularly in terms of

maximum rainfall variability for the period 1931-1960 (Kousky, 1979). This figure

provides a broad general pattern of the peak rainfall on the monthly scale (rainy season),

and by inference the different prevailing rainfall conditions across the NEB. The seasonal

maxima in rainfall values are located over the south, north and east sections of NEB in

December, March, and May, respectively. There is also a transition sub-region located

between 8 °-14°S and 40°-45°W. Indeed, these five regions over the NEB retain a wet

season signature in December, March and May.

In year-to-year variations over the NEB rainfall, previous observational and

modeling studies have identified a number of significant correlations between tropical

Sea Surface Temperature (SST) anomalies and concurrent or previous rainfall anomalies

across the region. The effect of these large-scale processes has been shown to exist on

inter-annual changes in the NEB rainfall, which are coupled to patterns of the SST in

tropical Pacific (i.e., remote connections) and Atlantic Oceans (i.e., local connections)

(e.g., Hastenrath, 1985). Indeed, the inter-annual variability of the Atlantic ITCZ during

austral autumn is closely linked to two inter-related factors. First, the Atlantic ITCZ
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during austral autumn is closely tied to anomalies in the Walker Circulation associated

with ENSO events over the tropical Pacific. And second, the Atlantic ITCZ during austral

autumn is strongly associated with changes in the meridional SST gradient in the

equatorial Atlantic that may or not may be tied to ENSO. Particularly, extreme El Nitio

conditions coincide with negative South Atlantic SST's anomalies. In this case, inter-

annual variability of rainfall is large, and takes the form of drought that occurs when the

colder than average SST's in the South Atlantic displace the northeastward slant of the

ITCZ. The opposite occurs during extreme La Nina where the SST's in the Pacific is

colder than average and the South Atlantic where it is warmer than average and the

southeastward slant of the ITCZ causes floods.

55.4,
 

311N1F arw 41/41, 33.40.

Figure 2. Five homogeneous regions and their histograms of the climatological monthly

precipitation (1931-1960/SUDENE) in weather stations along the NEB region

(reproduced from Kousky, 1979).
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Figure 3. Photographs taken by Humberto Barbosa and léde de Brito Chaves, at a site

located in the semi-arid caatinga vegetation (7°22'00"S latitude; 37°30'00"W longitude)

in the austral fall 2000 (May), austral winter 2000 (July) and austral spring 2000

(September) shown its markedly seasonality. Phenologic responses of the Caatinga

vegetation to the rainfall conditions in 2000. Photos are of same region but not the exact

same view.

The effects of ENSO patterns on the inter-annual NEB rainfall variability have

been well established by empirical studies of climate record, but not the underlying

mechanisms (e.g., Rao et al., 1995). Likewise, the distinction between the direct effects
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of El Nitio and those imposed through Atlantic SST anomalies have also not been clearly

demonstrated (e.g., Moura and Shukla, 1981). Additionally, there is evidence that

convective instability contributes significantly to NEB precipitation variability (e.g.,

Cavalcanti, 1986; Tanajura, 1996). In particular, the relationship between SST and

vegetation dynamics over the region was reported by Myneni et al., (1996). What may

have determined the extensive variations in the SST/vegetation coupling is beyond the

scope of this research.

Natural landscape systems of NEB are highly dynamic ecosystems responding to

the rainfall conditions, of which precipitation is the principal factor (Figure 3). In general,

the NEB landscape systems are composed of agriculture, crops, disturbed areas and a

diversity of tropical dry broadleaf forests characterized by various species composition,

size-classes and densities (IBGE, 1993). This forest-dominated landscape system over the

region is delimited by Caatinga vegetation types at the northern and southern parts of the

region, and Cerrado vegetation types at the western part of the region, and is partially

separated from the Atlantic rain forest at the eastern part of the region (IBGE, 1993).

The Caatinga is the third largest biome of Brazil, after the Amazônia and Cerrado,

covering 11% of the country, or approximately 1.1 million square kilometers. The semi-

arid caatinga vegetation of this region covers roughly 60% of NEB. The Caatinga

physiognomies are composed of shrubs, thorny trees, cactus, and bromeliads, varying

from grasslands with few trees to small forest patches (IBGE, 1993). Particularly, in the

semi-arid caatinga region, mean annual precipitation is less than 800 mm and is marked

by its distinct seasonality (Figure 3). The rainy season extends from February through

May (green-up period), when the ITCZ reaches its southernmost extent, and the dry
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season from June through January (senescent period), when the ITCZ reaches its

northernmost extent (e.g., Uvo et al., 1998). These physiographical and meteorological

features create a regional pattern of rainfall, which changes markedly, both in amount and

seasonality, over the semi-arid Caatinga region. One reason for these regional rainfall

variations is due to the seasonal displacements of ITCZ and SACZ, which influence the

region's climate. The two seasonal rainfall regimes convey the greater part of the

Caatinga region's rainfall, shifting from the southeast during November to January and

from the northeast during February to April (e.g., Kousky, 1979). Superimposed upon

these seasonal variations and within-region rainfall variability are the ENSO-driven

rainfall anomalies that occur at inter-annual scale over northern part of the region, and to

a lesser extent, in the southern part of NEB (e.g., Hastenrath and Heller, 1977).

During the last decades of the 20 th century, the NEB has experienced drastic

climate and vegetation changes, especially at the regional scale (MMA, 2000). Whereas,

several drought events were recorded over the region during this period, the last decade

of twentieth century drought was unprecedented for its severity (CONAMA, 1997).

These climate variations may have also contributed to changes the physical appearance

and functioning of the land surface in terms of its radiative properties, its hydrological

function, and its turbulence characteristics. In particular, the diversity of semi-arid

caatinga vegetation has been one of the key determinants of land cover dynamics and

land use changes, which are currently barely understood (e.g., Pereira et al., 2003).

The conversion of Caatinga areas into extensive agricultural areas was most

intensively influenced by cotton production in the first half of the 20th century (MMA,

2000). Recently, it was estimated that more than 10% of semi-arid Caatinga vegetation
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has been transformed into cultivated pastures, crop fields, and urban settlements (MMA,

2000). Because some areas of Caatinga are located in relatively rich soils (lowlands),

they are major targets for clearing both irrigated and dry-field agriculture. Although

estimates suggesting that 65% of the driest areas of semi-arid caatinga vegetation have

been seriously degraded due to enhanced aridity and the stress-based land-use change,

however, the magnitude and direction of these changes over the entire region are still

uncertain (Sa et al., 1994). More recently, a study was conducted by Silva (2003) based

on the long-term time series analysis using climatic variables (e.g., rainfall, relative

humidity, temperature, evapotranspiration) from a 30-year period acquired from eight

weather stations across the NEB. He showed that these variables have indicated a

significant change of the local climate, especially relative humidity and rainfall.

Additionally, this study showed that the weather stations located in semi-arid and eastern

areas of NEB are under the influence of environmental dryness.

According to the report provided by Ministry of Environment, Water Resources

and Legal Amazônia (MMA, 2000), the semi-arid Caatinga landscape has been losing its

natural vegetation through the land degradation and desertification processes since the

early 1980s. The MMA (2000) report indicated that an area of 181,000 km over the semi-

arid Caatinga region has been affected severely by environmental degradation. The four

specific states where are severely degraded by the desertification process based on MMA

(2000) were: Gilbués (Piaui State), Iraçuba (Ceará State), Seri& (Rio Grande do Norte

State/Paraiba State) and Cabrob6 (Pernambuco State), computing 18,743.5 square

kilometers (Figure 4).
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Figure 4. Photographs (from 1970s to 2000s) showing land cover degradation and

conversion in the region of Seri& in the Rio Grande do Norte State (5° 15'50"S latitude;

37° 18'36"W longitude) (provided by the Instituto Brasileiro do Meio Ambiente e

Recursos Naturals Renovdveis - IBAMA). Photos in same region but not exact same site.

35
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By the 1990s, prolonged periodic droughts and human activity, their desiccation

effects on the Caatinga biome were worsened. Because of the convergence these two

factors (i.e., aridity and human activity), and the consequent changes in its landscape

fiinctioning, simulation modeling has been used to examining complex ecosystem

interactions and to predicting responses to land surface change scenarios (e.g., Oyama

and Nobre, 2004). Additionally, most of the modeling studies using the atmosphere

general circulation model (AGCM) coupled with the simplified simple biosphere model

(SSiB) over NEB have suggested a possible change in regional climate, especially

regional precipitation, under a scenario of desertification (e.g., Oyama and Nobre, 2004).

More specifically, Oyama and Nobre (2004) carried out a 10-year simulation using the

coupled AGCM-SSiB models during the wet season over NEB. They reported a

reduction in evapotranspiration, atmospheric moisture convergence. Recently, the

desertification contingency plan has been approved by the Brazilian government in order

to regenerate degraded areas across the NEB (CONAMA, 1997).

Data

This section of this dissertation describes the NDVI and rainfall data records used in the

methodological framework that form the basis of Chapter 4 to Chapter 5. The long-term

NDVI and rainfall data records were grouped in two phases to assess the sensitivity of

spatial and temporal patterns in vegetation dynamics to variations in rainfall over the

NEB ecosystems. In the first phase, monthly NDVI imagery and weather stations for the

twelve-year period from 1982 to 1993 were acquired in order to compare the spatial and

temporal associations between NDVI and rainfall data records. The second phase,
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monthly NDVI imagery for the twenty-year period from 1982 to 2001 was acquired to in

order to identify spatial and temporal variability in vegetation dynamics and changes over

the NEB ecosystems. The monthly NDVI imagery for the twenty years was acquired

from the Goddard Distributed Active Archive Center (GDAAC) via the Internet at

ftp://daac.gsfc.nasa.gov/data/avhrecontinent/south_america/yearly. The weather stations

for the twelve-years were acquired from Superitendência de Desenvolvimento do

Nordeste (SUDENE). A more detailed description of both data records follows.

Pathfinder NOAA AVHRR NDVI imagery

The NASA Earth Observing System Pathfinder has initiated a program to produce Global

vegetation index (e.g., NDVI imagery) derived from NOAA AVHRR series of satellites

(e.g., NDVI imagery product derived from compositing daily NOAA AVHRR image) for

Global change research. The monthly NDVI imagery product is produced from the

NOAA Global Area Coverage (GAC) Level 1B data records. The global NDVI imagery

is being developed on a continent-by-continent basis. All continents in the global NDVI

imagery have the same map projection (Interrupted Goode Homolosine). The production

and distribution of the continental NDVI imagery at the GDAAC are funded by NASA's

Earth Science Enterprise.

The monthly NDVI imagery covering the entire South America for the twenty-

year period from 1982-2001 was downloaded via the Internet at

(ftp://daac.gsfc.nasa.govidata/avhrecontinent/south_america/yearly). The spatial

resolution of South America NDVI imagery is 8 km by 8 km (i.e., pixel size). The 237

months of South America NDVI imagery were downloaded originally derived from four
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different NOAA satellites: (1) NOAA 7 from January 1982 to January 1985, (2) NOAA 9

from February 1985 to October 1988, (3) NOAA 11 from November 1988 to August

1994, and (4) NOAA 14 from January 1995 to September 2001. A more detailed

description of the NOAA series satellites, the AVHRR instrument, and the AVHRR GAC

1B can be found in the NOAA Polar Orbiter Data User's Guide (Kidwell, 1991). As the

Global AVHRR NDVI imagery is only available since the early 1980s.

Due to the daily NDVI imagery containing clouds, a composite NDVI imagery

has been used for studies of seasonal and inter-annual features of land surface studies and

for developing surface background characteristics to enable climate-modeling studies

(e.g., Holben, 1986). The composite NDVI imagery has the same geophysical parameters

as the daily NDVI imagery, and also the composite NDVI imagery is mapped to the same

global, 8 km resolution, equal area projection as the daily NDVI imagery (Kidwell,

1991). There are three composites for each month data records. The first composite of

each month is for days 1 to 10, the second composite is for days 11 to 20, and third is for

and the remaining days (i.e., 8, 9, 10, or 11 days). These were used to generate the final

composite. To create the composite NDVI imagery, 30 consecutive days of data records

(e.g., 8-km NDVI 30-day composites) are integrated, taking the observation for each 8

km of resolution from the data record with the fewest clouds and atmospheric

contaminants as selected by the highest NDVI value (Holben, 1986). Only data from the

daily NDVI imagery within 42 degrees of nadir is used in creating the composite. These

composite periods in Pathfinder processing have been used with many meteorological

data records that are provided in monthly averages (e.g., Zhou et al., 2001). The

Pathfinder system produces NDVI imagery (8-km NDVI 10-day composites, 8-km NDVI
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30-day composites) from the GAC orbits (i.e., the Pathfinder format is basically a re-

blocked GAC orbit with a special header) are also processed for various factors,

including pre-launch calibration, intra sensor degradation, normalized for changes in

solar zenith angle, and for Rayleigh scattering. The latter takes into consideration ozone

absorption (using data from the Nimbus-7 Total Ozone Mapping Spectrometer (TOMS)

and land surface elevation as used to correct the pressure level in order to determine

Rayleigh coefficients (Gordon et al., 1988).

The NDVI imagery is stored in Hierarchical Data Format (HDF) to conserve

space and geographically referenced in Interrupted Goode Homolosine. The HDF is the

standard data format for the global AVHRR NDVI imagery at the GDACC. The HDF

files at the GDACC comprise data composites (i.e., 8-km NDVI 10-day composites, 8-

km NDVI 30-day composites). Each HDF file contains individual data elements (i.e. the

levels 0- 255) assembled in an array with number of rows and number of columns. The

HDF files have a naming structure as follows: tar.avhrr.ID.parameter.yymm (i.e., ID =

South America; parameter = NDVI or ancillary data; yy = 82-01 (1982-2001); and mm =

01-12). They were obtained by file transfer protocol (FTP) performed on line using the

GDAAC user interface (i.e., images are not available through anonymous FTP). The

location of each data element within the HDF file is determined from accompanying

navigational information (i.e., the ancillary data file). The ancillary data file acquired at

the DAAC contains elevation, pixel center, latitude, and longitude files. The ancillary

data also includes the scaling information, that is, calibration coefficients, format (8 bits),

gains (0.008), and offsets (128). Given the latitude and longitude of a point in the NDVI
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imagery, the ancillary data can be used to find the corresponding pixel within the HDF

file.

Rainfall Data Records

Currently, there are more 2,000 weather stations located within the NEB that record

rainfall on at least a daily basis (SUDENE). The spatial distribution of stations across the

NEB is not uniform. In addition to these weather stations, the record length and the

completeness of stations are variable. Most of the stations in the SUDENE network,

however, vary the beginning and ending years, some with a large amount of missing

months and years. The majority of these stations have data that begins in the late 1970's.

Each weather station contains attributes for the station name, station elevation,

coordinates location (latitude and longitude information), and total rainfall in mm for

each month as well as an annual rainfall for the year. Mean monthly rainfall for each

weather station was computed from the original daily data records that were compiled by

the SUDENE. To be considered as a candidate station for the first phase of this

dissertation, a station needed to have a long period of record—it had to begin in 1982 due

to the NDVI imagery that are only available since the early 1980s, and end no earlier than

December of 1993, with no year completely missing. This simple and broad criterion

immediately eliminated a number of stations in the study region. To pull the list of

relevant weather stations from the rainfall inventory file, a short algorithm was written.

The result of running this algorithm was a set of data files named after each relevant

SUDENE rainfall stations, covering 1,800 ranked stations within the region between 1 0 to

18°S latitude and 35 0 to 47°W longitude (NEB). The ranked file contains the 1,800
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stations listing number of months of record available for 1982-1993 (Figure 5). The

ranked 1,800 weather stations have the most complete reliable records over the twelve-

year period (1982 to 1993) across the NEB.

4W

Figure 5. Map of the NEB, showing the spatial distribution of the 1,800 weather stations.

Weather locations provided by SUDENE.

The weather stations also represent climatologically and topographically diverse

regions within the NEB. A station identification number was used to link up with the

monthly databases for the period 1982-1993. The geographical distribution of these

stations is shown in Figure 5, however, most of these weather stations have an uneven

distribution, that is, the stations are very sparse and their spatial variability is determined

by distribution of population. These point locations from the 1,800 weather stations were
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used to create an interpolated rainfall points over the NEB. Note that the reason for using

precipitation records for a 12 year period, rather than a 20 year period, is that the record

from January 1982 to December 1993 is quite ample and complete containing a total of

1,800 stations, while after 1993 the data is very limited, scattered, and inconsistent

containing only 50 stations.



CHAPTER IV

METHODOLOGY

To determine the spatial and temporal consistency of the response of NEB's land cover

types to rainfall conditions over the last two decades of 20th century, the methodological

framework described in this dissertation is approached in two phases. The first phase is to

evaluate the space-time statistical relationships between NEB's land cover types, as

measured by NDVI data, and rainfall. NDVI images and rainfall for the twelve-year

period from January 1982 to December 1993 were used. The second phase is to quantify

the space-time statistical variations in NEB's land cover dynamics; NDVI images for the

twenty-year period from January 1982 to September 2001 were used. The methodological

procedures used here highlight the importance of long-term AVHRR NDVI data records

to rainfall studies and their potential use in detecting and monitoring environmental

changes over the semi-arid tropical ecosystems, like the NEB ecosystems. The following

is the methodological procedures applied to NDVI images and weather stations over the

NEB.

In the first phase, the spatial and temporal consistency of the response of the NEB

ecosystems to rainfall fluctuations were assessed by combining monthly series data of

NDVI and rainfall for the twelve-year period from January 1982 to December 1993. To

compare the spatial consistency between the two regional data records, long time series

of the rainfall data records from weather stations are spatially interpolated by applying an

inverse distance weighting interpolation method. Then, long-time series data of both

monthly NDVI and interpolated monthly rainfall (monthly averaged data records) are

43
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spaced into a fixed grid (i.e., similar spatial resolution). To characterize the temporal

response of the NDVI time series data to rainfall time series data, two different methods

are used for purposes of comparison. In the first method, the spatial correlation at every

point is computed for all pairs of ND VI and rainfall with different time lags. This is done

to evaluate whether there is a delayed response to rainfall in the NDVI time series data.

In the second method, NDVI-rainfall associations are established through the use of

factor analysis (Varimax rotation method). The primary goal of the analyses is to evaluate

the correspondence between NDVI spatial patterns and rainfall variation. In this context,

the validity and consistency of the relationships between the two data records are also

determined.

In the second phase, the spatial and temporal variability of the response of the

NEB ecosystems to land surface conditions were assessed by combining monthly series

data of ND VI for the twenty-year period from January 1982 to September 2001. To better

quantify the spatial and temporal patterns of NDVI variability across the NEB

ecosystems on the seasonal, annual and inter-annual basis, a combination of statistical

parameters of monthly series of NDVI (minimum, mean, maximum, anomalies and

coefficient of variation) and annual NDVI images were used in order to highlight the

linkages of land cover changes of NEB and their spatial variability in response to the

combined local (i.e., disturbed land covers) and large-scale rainfall variations (i.e.,

drought) in the twenty years of NDVI time series data. In particular, the drought signal

occurs during the peak of the dry season (September), which might be characterized by

high inter-annual variability over the semi-arid part of study region. This suggests that the

NDVI signal in September, generated as a result of low rainfall amount, might be smaller



45

and might have higher inter-annual variability over drought years than non-drought years.

The degree to which the annual NDVI changes relate to rainfall variability may also be

assessed by comparing the nine-year averaged NDVI image in September from 1982-

1990 which had one severe and widespread drought event with the nine-year averaged

NDVI in September from 1991-1999 which had three severe and widespread drought

events in order to identify spatial variability due to the impact of drought years. This

approach attempts to decouple the effects of the annual variability in climate on NDVI

time series and NDVI averaged image in order to enhance the local variability while

recognizing that these factors are not necessarily independent of one another.

Preliminary Assessment

Prior to the statistical analyses, pre-processing was performed to produce a series of

monthly NDVI and rainfall values sharing the same geographical location between 1-

18°S and 35-47°W (NEB grid location) for the same observational period (1982-1993).

Since the NDVI images (i.e., pixels and raster format) and rain gauges (i.e., mm and

point locations) have different magnitudes and spatial structures, they were organized

into a standard format (i.e., spaced into a regular latitude-longitude grid). In addition,

because of uneven spatial distribution of NEB rain gauge's network with 1,800 points

acquired from SUDENE, the rainfall data records were interpolated using the inverse

weighted distance of each point relative to the station. For each month, the NEB grid

comprised approximately a total of 3,000 points. The interpolation was carried out in the

ArcView Inverse Distance Weighting spatial analyst (i.e., the Arc/Info Geographic

Information System). Distribution of the 3,000 points to the NEB grid was not corrected
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for topographical features; however, the overall distribution of rainfall features seemed to

be accurate (Figure 6 and Figure 7).

A few different procedures were used to create monthly NDVI time series from

monthly NDVI images to allow direct comparison with interpolated rainfall time series.

First, for all of South America, NDVI images downloaded from the GDAAC via the

Internet at the ftp://daac.gsfc.nasa.govidata/avhrr/continent/south_america/yearly were

geo-rectified to identify the NEB grid location. Second, the geo-rectified NDVI images

were used to extract NDVI values based on the location of the 3,000 interpolated points.

Finally, the 3,000 NDVI values were extracted by averaging the geo-rectified NDVI for

the pixels of the 3 by 3 pixel arrays centered on the 3,000 stations. No spatial

interpolation method was needed. To assess statistical relationships between NDVI with

rainfall fields for the twelve-year period from January 1982 to December 1993, spatial

distribution of the 3,000 point locations to the NEB grid was accomplished using the Grid

Analysis and Display System (GrADS) provided by Center for Ocean-Land-Atmosphere-

Interactions-COLA). The resulting analyses can be seen in Figure 6 and Figure 7. A

visual inspection of these figures reveals the spatial and temporal consistency of NDVI

time series data to rainfall time series data. In order to quantify spatial and temporal

variability in vegetation dynamics over the NEB ecosystems, a total of 12,000 NDVI

time series for each month over the period January 1982 to September 2001 was

extracted in an analogous manner to those in the twelve-year period from January 1982 to

December 1993.
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Figure 6. Spatial distribution and seasonal dynamics of the NDVI data records. NDVI

data records provided by NASA.
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Figure 7. Spatial distribution and seasonal dynamics of the interpolated rainfall data

records. Rainfall data records provided by SUDENE.
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First Phase

This section describes the statistical procedures and techniques used in the first phase of

methodological framework in order to evaluate the spatial and temporal relations between

NDVI and rainfall time series data for the twelve-year period from 1982 to 1993. The aim

of the analyses was to assess the spatial and temporal consistency of the response of NEB

land cover types to rainfall conditions. Because the rainfall over the NEB is highly

seasonal and experiences different rainfall regimes on its vegetation dynamics, the nature

of the statistical relationships between the NDVI and rainfall time series data was initially

examined at six different vegetation types across the study region. For this, two steps

were determined. The first step consisted of the monthly NDVI and rainfall profiles. Each

of the six monthly profiles described how each land cover type behavior changed against

twelve years. Each of the six selected sites was based on the land cover map published by

IBGE (1993). The second step was to examine the statistical relationships between the

monthly averaged NDVI and rainfall through the use of linear regression analysis (R-

squared). Table 2 and Table 3 each have three selected sites and each site has monthly

extracted AVHRR NDVI images (3 by 3 pixel arrays centered in the weather station) and

monthly averaged rainfall data records from 1982-1993. The raw rainfall data records

were obtained from weather stations located in within homogenous vegetation and

disturbed areas across the NEB ecosystems. Table 2 and Table 3 have site number,

location, and twelve-year data records. Both Tables are in Appendix A.

It might be possible that the simple method of correlating NDVI and rainfall at the

six different land cover types might not capture the strength of the NDVI-rainfall

relationships. To test this, the rotated factor analysis through the use of Varimax rotation
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was employed. The factor analysis was applied to identify the regions where NDVI and

rainfall factors have the highest degree of co-variability, and isolate spatial-patterns in

which NDVI is most strongly correlated with variations in rainfall. The key issue here,

the strength of the relations derived from the factor analysis, might provide some basic

insights into the similarities and dissimilarities in spatial and temporal patterns of NDVI

and rainfall factors. Factor analysis is a procedure in which a set of input variables (e.g.,

NDVI or rainfall) is linearly transformed into a new set of variables - so called factors.

All factors are entirely uncorrelated with one another. They are ordered in terms of the

degree to which they explain the variance in the original variable set (e.g., Richman,

1986; Mestas-Nutlez and Enfield, 1999). In this case, a few factors can usually contain

most of the entire information in the original data record. A later factor, dominated by

noise, can therefore be eliminated, leading to a reduction in data while retaining the

original information content of the input variable. Through the use of orthogonal rotation,

the axes are maintained at 90° and are rotated to get more physically meaningful results

by simplifying the spatial patterns of loadings and the temporal patterns of loadings from

the original variable into the extracted factors.

The NDVI and rainfall time series data over the NEB were represented as a data

matrix with a with a column vector corresponding to different location observations at a

given time and different columns corresponding different times. The time series data

were arranged at regular space and time intervals in order to preserve the identification of

the various rows and columns in the input data matrix. For spatial analysis, the input

matrix has 3,000 rows; each row represents a point location (i.e., NEB grid points). Each

column (month) is a vector of dimension of 144 (i.e., 12 month x 12 years= 144
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columns). For temporal analysis, the input matrix has 144 rows and 3,000 columns. In

addition, the correlation matrix was chosen over the covariance matrix. Since the NDVI

and rainfall are measured on different scales, a normalization of these variables seemed

rational. The output factors, for each variable, include four temporal factor loadings as

expressed by time series, showing the highest degree of co-variability between original

variable (i.e., NDVI or rainfall) and each factor. The four spatial factor loadings were

selected as expressed by fields, showing isolated spatial-patterns in which NDVI is most

strongly correlated with variations in rainfall. The latter were obtained by plotting the

loadings in relation to x (latitude)- and —y (longitude) axes representing NDVI or rainfall

factors (i.e., through the use of the GrADS software). The comparisons of the NDVI and

the rainfall fields are therefore visual and qualitative. The former was plotted against time

for the considered years, using SIGMA plot. The cut-off those selected factors were

determined through a combination of the Kaiser-Guttman rule; also known as less than

one rule (Kaiser, 1958) and scree plot analysis (Cattell, 1966). The factor analysis was

performed using the Matlab scripts.

The relationship between NDVI and rainfall might occur not spatially invariant

(i.e., highly differentiated in space). Neither might it occur temporally invariant (i.e.,

highly differentiated in time) in part due to the spatially and temporally heterogeneous

responses of land cover types to rainfall variations. To address this concern, different

time lags were used to evaluate whether there is a delayed response to rainfall in the

NDVI over the NEB grid points. The NEB grid covering 3,000 time series data,

representing extracted NDVI and interpolated rainfall values over a spatially coincident

grid, was correlated with different time lags. Because of the high degree of spatial and
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temporal variation in the rainfall values, significant relationships would not be expected

over areas where rainfall is low and infrequent. In addition, where the interpolation is

constrained by higher density observations, the relationship is likely to be more realistic,

despite the limitations of the NDVI value in its representation in vegetation activity. For

this, the spatial correlation between the strength of vegetation-rainfall interactions at

every grid point was computed for the pair of NDVI and rainfall time series data using

linear regression analysis (R-squared). They measure the degree of spatial consistency in

the response of the different land cover types to rainfall variations. Temporal correlations

were performed between mean annual NDVI and rainfall values representing twelve

months beginning in January immediately following the January, December, and

November (lag= 0, lag= 1, lag= 2), and between average NDVI and rainfall values (Table

1) representing twelve months beginning in January immediately following averaged

January plus December values (lag=0+1). Subsequently, mean annual aggregated NDVI

and rainfall values for the entire grid were correlated at different time lags (lag= 0, 1, 2,

and 0+1) (e.g., Malo and Nicholson, 1990). They represent the temporal correlations for

the twelve-year period 1982 to 1993. The lagged correlations between the paired NDVI-

rainfall series representing the each grid were then plotted in a two-dimensional

geographical plot (i.e., through the use of GrADS). The above analyses test the spatial

and temporal consistency of ND VI responses to rainfall changes.
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LAG = 0 LAG =1 LAG =2 LAG = 0 +1

NDVI Rainfall NDVI Rainfall NDVI Rainfall NDVI Rainfall

JAN JAN JAN DEC JAN NOV JAN JAN + DEC

FEB FEB FEB JAN FEB DEC FEB FEB + JAN
MAR MAR MAR FEB MAR JAN MAR MAR + FEB

APR APR APR MAR APR FEB APR APR + MAR

MAY MAY MAY APR MAY MAR MAY MAY + APR

JUN JUN JUN MAY JUN APR JUN JUN + MAY

JUL JUL JUL JUN JUL MAY JUL JUL + JUN

AUG AUG AUG JUL AUG JUN AUG AUG + JUL

SEP SEP SEP AUG SEP JUL SEP SEP + AUG

OCT OCT OCT SEP 0 CT AUG 0 CT 0 CT + SEP

NOV NOV NOV 0 CT NOV SEP NOV NOV+ OCT

DEC DEC DEC NOV DEC 0 CT _	 DEC DEC + NOV

Table 1. Correlation analysis between NDVI and lagged rainfall.

Second Phase

It is also interesting to quantify the temporal and spatial patterns of NDVI responses to

local variations in the land surface conditions of the NEB ecosystems over the twenty

years period (1982-2001). For this purpose, local variations in NDVI data records may be

associated with the extent to which the land cover types respond to enhanced aridity and

also by the assumption that desiccation does not occur throughout the entire NEB

ecosystems. Comprehensive time series for rainfall for a large number of stations, in the

NEB within the same time period, were unavailable for this part of research. NDVI data

records may partially integrate the impact of rainfall variations on the NEB ecosystems.

With this regard, two different statistical procedures were used to extract variations in the

twenty years of NDVI data records.
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For the first method a 'baseline' NDVI time series data was calculated by grid

averaging the minimum, mean and maximum NDVI from 12,000 time series data for

each of the twelve months over the twenty-year period from January 1982 to September

2001. Grid averaging is one of the most common data reduction approaches used in

climate and remote sensing data analyses (e.g., Kogan, 2000). Further calculations were

performed on the coefficient of variation and anomalies rather than on the simple

arithmetic average. The coefficient of variation and anomalies are often used to describe

variability in long-term climate data records since they are normalized for the amount

associated with different extreme events (e.g., Weiss et al., 2001; Liu and Negrén Juárez,

2001). Monthly NDVI variations for each time series data were calculated using the

coefficient of variation (%) (Longley, 1952) CV {()/(j)* 100]. Monthly NDVI anomalies

for each time series data were calculated using the Z-score [(x — 1.1)/( a)] with x being the

NDVI value for a given month in each year considered, [1. the mean NDVI value for that

month over all years and a standard deviation of NDVI value for that month over all

years (e.g., Liu and Negrén Juárez, 2001). The Z-score values across the NEB grid were

calculated by averaging the 12,000 time series data. Finally, application of the

conventional approach of moving averages was applied in order to find out whether there

are abrupt changes in the monthly NDVI anomalies (e.g., Eklundh, 2003) representing

the spatially averaged NEB over 1982-2001. The three-year period was chosen in order to

capture a signal characterizing the cumulative effects of three dry seasons, although they

contain three wet seasons that may be partially neglected during a single year's drought.

The second method, a statistical comparison between annual NDVI time series

and between annual NDVI images data were developed using September signal for two
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nine-year periods from 1982 to 1990 and from 1991 to 1999. This month was chosen in

order to capture the end of the growing season that is associated with the regional peak of

dry season. In order to compare the differentiated response of land cover types on NDVI

variations between the two periods, the 'baseline' NDVI time series data and CV were

used for the September month. These 'baseline' NDVI time series data might represent

and capture most of the spatial variability across the NEB ecosystems. Then, the scatter

plot of statistical parameters of the NDVI time series data (i.e., minimum, mean,

maximum, and CV) based on the combination among those parameters were therefore

used to visually and qualitatively compare spatial patterns of NDVI variations for the two

periods. Similarly, the scatter plots of the CV and mean values of NDVI were plotted

against latitude, comparing the two periods. The eighteen NDVI images (i.e., nine NDVI

images for the 1982-1990 and nine NDVI images for the 1991-1999) were geo-rectified

using the ENVI image-processing package (Environment for Visualizing Images version

3.6), covering the entire NEB. ENVI Band Math application allowed calculating the

averaged NDVI imagery, using nine NDVI images as input. Geographic line locations

identifiable on both the NDVI imagery was delimited in the geo-rectification process in

order to determine the geographical state boundaries over the region. The scale of the

mean NDVI imagery ranges from 0.3 to 0.7.



CHAPTER V

RESULTS

First Phase: Temporal and Spatial Responses of NDVI to Rainfall Variations

The impact of rainfall fluctuations on the vegetation dynamics is characterized among six

land cover types across the NEB ecosystems. Responses of phenologic variations of

individual vegetation formation across the NEB landscape to rainfall conditions are

illustrated by NDVI and rainfall temporal plots for the period 1982-1993. Figure 8 shows

the location of the six examined sites across the NEB ecosystems. These sites represent

the six major formations found in NEB ecosystems. The Caatinga Arb6rea Aberta (i.e.,

open shrubbery) located in the northern NEB (site #1). The disturbed Caatinga located in

the central NEB (site #2). The Caatinga Arb6rea Densa (i.e, dense shrubbery) located in

the central NEB (site #3). The transition area (i.e., ecotone-Caatinga and Cerrado) located

in the southern NEB (site #4). The Cerrado (i.e., woodland) located in the western NEB

(site #5), and Floresta Ombr6fila Densa (i.e., Atlantic rain forest) located in the

southeastern NEB (site#6). The temporal patterns associated with the six examined sites,

shown in Figure 9a and Figure 9b, reveal certain differences and similarities that

highlight the differential impact of rainfall variability on different sub-regions and land

cover types of the NEB landscape. These are characterized by high seasonal and inter-

annual variability.

Responses of phenologic variations of NDVI at the sites located in the north and

central parts of NEB (Figure 9a) differ from those sites located in the east, west and south

parts of NEB (Figure 9b) in several ways. For instance, at the north and central parts of

55
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the study region, phenologic variations are more shaped by extreme wet and dry years

and the senescent period decay much quicker, showing well pronounced seasonal

variations of their vegetation dynamics. The growing season is much shorter and faster,

showing a rapid response of vegetation changes in rainfall conditions. For all six land

cover types, the seasonal NDVI dynamics have the highest NDVI value in the peak of

rainy season (April-May) and lowest NDVI value in the peak of dry season (September-

October).

Figure 8. Locations of six examined sites across the NEB.
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Based on the differential response of all six examined sites to the inter-annual

rainfall variations, the relations between the mean monthly NDVI and rainfall averaged

over twelve years were evaluated. Although the length of time series data was short (12

values), it showed clearly the NDVI-rainfall relations between these sites. Figure 10

shows the scatter plots for all six examined sites. Some features can be observed in these

scatter plots. First it is apparent that a positive linear correlation between the NDVI and

rainfall was revealed in sites #1 and #3. Second, there is no relation between NDVI-

rainfall in sites #4 and #5. And third, there is a weak NDVI-rainfall correlation in sites #2

(positive sign) and #6 (negative sign). Spatially, sites #1 and #3 of strong positive

correlations are found in northern and central parts of the NEB, and the NDVI-rainfall

correlations rise to 0.7 for these sites within the Caatinga physiognomies. Thus,

depending on land cover type and ecosystem constraints, the sign of the relationship

between NDVI and rainfall may be inverted. The impact of rainfall variations on the

vegetation dynamics differs among all the six examined sites, where there is generally a

difference between the northern sites and the southern sites of the study region. In

particular, the relation between NDVI and rainfall at the disturbed sites (site #2) is not

straightforward. The scatter plot in Figure 10 shows that, although the rainfall

fluctuations are similar in those site #1 and site #2 (Figure 9a), the correlation between

the two variables is weak.

It is, therefore, not surprising that these strong positive relationships are more

apparent in the northern and central parts of the NEB ecosystems, where rainfall is a

primary factor on vegetation dynamics and plant growth development. Plants in these

regions (shallowly rooted plants) are apparently more adapted to suitably capture short
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and sporadic pulses of growing season precipitation. Likewise, monthly NDVI values in

western and southern NEB sites (deeply rooted plants) show a certain inertia regarding

the month rainfall conditions (Figure 9b). After the end of the rainy season, NDVI is still

high for some months, probably because of the process of the drying up of the soil that

does not take place directly, due to water storage in the soil. While rainfall is the most

important factor influencing green vegetation amount and condition in semi-arid tropical

regions, like the northern NEB, it cannot entirely explain seasonal vegetation dynamics

without considering the effects of soil moisture conditions that is strongly influenced by

rainfall variations (e.g., individual rainfall pulses) and pedological factors (e.g., soil

texture). A strong ND VT-rainfall relationship, involving a delayed response of vegetation

to rainfall, would be expected between the two variables. The ecosystems located in the

semi-arid part of the study region, lying on the north and central parts of NEB landscape,

have a rapid response of vegetation to changes in rainfall conditions. These ecosystems

are primarily Caatinga that is sub-divided into several physiognomic vegetation types,

from grassland to xerophytic thorn savanna, and shrub woodland (IBGE, 1993). The

principal feature of these ecosystems is the long dry season (7-11 months).
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Figure 9a. Temporal plots of monthly NDVI and rainfall for sites within the northern and

central NEB ecosystems.
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The results of the rotated factor analysis, therefore, provide some basic insights

into the similarities and dissimilarities in patterns of ND VI and rainfall fluctuations in the

study region. The rotated factor analysis was designed to identify space-time patterns in

which NDVI is most strongly associated with rainfall variations. The first four rotated

rainfall and (NDVI) factors, which correspond to about 38% (34%), 30% (29%), 11%

(14%), and 3% (7%) of the total information contained in the rainfall and (NDVI) times

series data spaced over the NEB grid points. Over the spatial analysis, the resulting

rotated factor loadings (shown as composite fields), the positive values are mainly related

to the regions during rainy season (vegetation growing season), and negative values are

primarily associated with the dry season (vegetation drying season). Over the temporal

analysis, the resulting rotated factor loadings (shown as scatter plots), which the positive

values are mainly related to the wet (growing season period) months, and the negative

values are mainly associated with dry (senescent period) months. These assumptions

must be kept in mind when interpreting the spatial and temporal analyses of relationships

between rotated NDVI and rainfall factors. As well as examining real physical

relationships between rotated NDVI and rainfall factors. At this stage it is useful to

review the regional rainfall climatology over the NEB as comprising three major features

that have strong seasonality in both spatial and temporal patterns. Those are the Atlantic

ITCZ to northern NEB, and the SACZ centered to the western NEB and the influence of

the South Atlantic subtropical anticyclone situated to the southeastern NEB. The

principal rainfall growing seasons occur during the austral summer (which peaks in

November) and austral autumn (which peaks in May), when the SACZ reaches its

northernmost position, as the Atlantic ITCZ retreats southernmost position and directly
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overlies NEB. On the regional and seasonal scales considered here,

assume that any associations between rainfall and NDVI appear to

ecosystem dependency in response to regional rainfall distribution

SACZ and ITCZ regional-scale patterns.

it is reasonable to

represent the NEB

modulated by the

Figure 11. The first rotated rainfall and the NDVI loading fields performed on rainfall

and NDVI time series data for the period 1982-1993.
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Based on the visual inspection of Figure 11 and Figure 12, the spatial patterns and

the shapes of the first rotated rainfall and the NDVI factor fields and second rotated

rainfall and NDVI factor fields highlight the existence of a north-south gradient in the

NEB. In the second rotated factor fields, the positive loadings are generally widespread

over the NEB, with the highest values in the northern part of the NEB. In the first rotated

factor fields, the positive loadings are generally confined in the south part and central

parts of the study region, with the highest positive values in the southwest part of the

study region. These patterns are probably related to the differential seasonal impact of

rainfall on the vegetation dynamics in the south and the north parts of the study region. In

contrast, the first and second rotated factor fields have opposite signs for the association

of rainfall with NDVI in east part of the study region: a positive association with the

second rotated factor fields and a negative association with the first rotated factor fields.

In general, the results from the first and second rotated factor fields indicate that the

positive loadings in NDVI spatial patterns are closely related to the rainfall patterns.

However, the scatter plot of the first rotated rainfall and the NDVI factors from January

1982 from December 1993 reveals a linear relationship, with the coefficient of

determination (R-squared) value of 0.60, whereas the scatter plot of the second rotated

rainfall and NDVI factors indicates a positive linear relationship, with the R-squared

value of 0.56 (Figure 15). The latter showed a strong annual cycle with positive values

during the austral autumn and austral winter with the maximum NDVI loadings generally

occurring in June-July. The minimum rainfall and the NDVI loadings (not shown)

occurred around December-January. The drying up of vegetation in response to dry
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conditions has similar, although less dramatic, effect to the temporal plots shown in sites

#1 and #2 (Figure 9a).

Figure 12. The second rotated rainfall and the NDVI loading fields performed on

rainfall and NDVI time series data for the period 1982-1993.
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The temporal plots of the first rotated NDVI and the rainfall factors were out-of-

phase, showing a strong seasonal cycle in agreement with the temporal plots shown in

sites #4 and #5 (Figure 9b). The corresponding loadings showed a strong seasonal cycle

relative to the austral summer with the highest values in December-January and the

smallest in June-July, whereas the highest first rotated NDVI factor values occurred in

July-August (austral winter) and the smallest in December-January (austral summer). The

difference in time lag is about six months for the highest loadings between the first

rotated rainfall and the NDVI factors. This is probably associated with the rainy seasons

in the northern (austral autumn) and southern (austral summer) parts of study region as

shown by the first rotated NDVI-rainfall factor fields and the second rotated NDVI-

rainfall factor fields.

The degree of spatial coherence between the third rotated rainfall and the NDVI

factor fields, shown in Figure 13, highlights the existence of a strong regional gradient

across the west-east direction with the highest loadings varying from +0.4 to +0.6

approximately parallel to the coastal NEB for both fields. Another feature observed in the

third rotated rainfall factor field is a region of negative loadings (-0.2) stretching from

8°S to 14°S of the western NEB latitudes, which is characterized by positive values

(+0.2) of third rotated NDVI factor loadings. In addition, the third rotated rainfall factor

exhibits a center of positive loadings (+0.4) located over the southeastern NEB latitudes.

Overall, the third rotated NDVI factor loadings show a less spatial coherent pattern than

the loadings of the third rotated rainfall factor over the western NEB latitudes, indicating

that the western NEB landscape seemed to be less sensitive to the rainfall variations. This

interpretation is also supported by the examination of NDVI- rainfall relation for the
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vegetation formation located in the site #5 (Figure 9b), which revealed lack of variability

of NDVI to rainfall conditions (R-squared value of zero). Over the temporal scale, the

monthly association between the loadings of the third rotated rainfall and the NDVI

factors was more pronounced in the austral winter (from June to August), although

magnitude of the positive loadings of the third rotated rainfall factor was much less than

in the case of the second rotated NDVI factor loadings (not shown). July-August

represents the peak of the wet season over the coastal NEB latitudes, when the South

Atlantic ITCZ (SITCZ) reaches eastward from the coastal NEB latitudes centered at the

5°S-14°S (Kornfield et al., 1967). This is also supported by Kornfield et al., (1967) who

show that the SITCZ are lying south of the equator in the band of latitudes between 3 °S

and 10°S. In particular, the third rotated NDVI factor loading plots showed some annual

changes in the annual cycle. The variability with the smallest amplitude occurred in 1983,

1990 and 1993 (dry years). Recently, Halpern and Hung (2001) and Leitzke et al., (2001)

have reported the links between the seasonal change in SST and the appearance of the

SITCZ. Based on the both geographical maxima loadings and seasonal maxima loadings

in the third rotated rainfall and the NDVI factors, there is evidence that the third rotated

factor over the coastal NEB latitudes may be modulated to a certain extent by the rainy

season in coastal NEB. However, there is a negative relationship between the third

rotated rainfall and the NDVI factor loadings, which represents the entire region of study.

Loading variability in the third rotated rainfall factor is associated with the third rotated

NDVI factor is significant, explaining of 45 percent of monthly changes (R-squared of

0.45).



Figure 14. The fourth rotated rainfall and the NDVI loading fields performed on rainfall

and NDVI time series data for the period 1982-1993.

69



r2= 0.60

• • •

•
0.2

0.0

a -02

11.- -0.4

= 0.8

c+ 0.6

0.4

-0.6
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1 2

First rotated rainfall factor loadings

70

• • tit.

•.7
•„, •• • •4,, .

• •• .1... .
• • . • •	 „„„
• • • •

• • t •• so • • •• •
%

, a •	 • •

r2= 0.56

••
• • •

•
•

0.2-0.6 -0.4 -0.2 0.0
-0.4 	

-1.0 -0.8
Third rotated rainfall factor loadings

r2
= 0.02

• ••

04

•
-0.6 -0.4 -0.2 0.0 0.2

Fourth rotated rainfall factor loadings

0.6

0.4

L.
0./

a

0.1/

-0 -0.2

2 -0 4

g -0.6

-0.8

-0.8

••• • 	 •
• • • ••

r-'= 0.45

•• •• •
*"••••n••• * 0 • • • •

/ • 4' • •• • • •

• •;b.sifA
ofti• •	 •• •

••• •
• • fZi e .•

1.0
51)

0.8

0.6 •

15 0.0

-0.2

•

• • • •

• • 1 ••% • ,••	 4is
WIP• • le

"1" lei •
• ••-;	 •

1 :• • „.•7
•

•

•

1.2

1.0

0.8o

±is 0.6

0.4

0.2

0.0

k: -0.2
cf)

-0.4
-1.0

Second rotated rainfall factor loadings

-0.8 -0.6 -0.4 -0.2 0.0 0.2 04

Figure 15. Scatter plots of relations between the first rotated, second rotated, third rotated

and fourth rotated rainfall and the NDVI factors for the period from January 1982 to

December 1993. R-squared values were calculated with p<0.005.

A visual comparison of the spatial patterns of the fourth rotated rainfall with the

NDVI factor fields, shown in Figure 14, suggests that the association between these fields

is likely indicative of residual variations in the rainfall-NDVI data. This is most apparent

in the central NEB latitudes, where contain a marked center with relatively near-zero
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loadings indicating that the relationship between the loadings of the fourth rotated rainfall

and NDVI factors is not significant. Overall, the spatial patterns of the fourth rotated

rainfall factor field do not yield a particular signal, although the fourth rotated NDVI

factor field exhibits significant loadings (+0.6) stretching from the 4°S-15 °S of the

western NEB latitudes. Also seen is a lack of sensitivity in the fourth rotated NDVI

associated with the rainfall factor fields at the NEB western and eastern boundaries. The

resulting temporal patterns of the fourth rotated rainfall and the NDVI factor loadings

(not shown) revealed that there were non-seasonal and inter-annual synchronous peaks;

perhaps they are partly influenced by some specific short-term periods, especially due to

some residual effects in both seasonal and inter-annual variations. Moreover, there is no

variability in the fourth rotated rainfall factor loadings associated with the fourth rotated

NDVI factor loadings on the monthly basis, as explained by coefficient of regression (R-

squared of zero). The rotated factor analysis performed on rainfall and NDVI time series

data over the NEB suggest that land cover types of NEB ecosystems have differential

responses (different time lags) to rainfall conditions, depending on geographical sub-

region and ecosystem constraints. Hence, lagged correlation analyses on the spatial and

temporal basis were calculated to evaluate the statistical significance of the relations

between these two variables.

Results from the NDVI-lagged rainfall correlations based on the mean monthly

NDVI and rainfall time series data averaged to the period 1982-1993, and computed for

every point over the NEB grid are shown in Figure 16. The fields represent the direction,

sign, and magnitude of the delayed response of NDVI-rainfall relationship to different

land cover types over the entire NEB. The comparisons of all four fields are therefore



72

visual and qualitative. For instance, a visual inspection of these fields reveals that the

NDVI-lagged rainfall correlations steadily increase from negative (r =- 0.20 as yellow

color) to positive values (r = +0.60) towards the north and central parts over the NEB,

generally indicating high positive values (r = from 0.60 to 0.8, as red color) over the

north part of the study region. At any of the fields, negative correlations (r = -0.2) are

widespread over western and southern NEB fields, except for lag 0+1 months. Although

the significant positive correlations(r = from +0.40 to +0.80) tend to exhibit coherent

patterns in northern NEB, they are more frequent than the negative values. The fact that

the overwhelming majority of the NDVI-lagged correlations are positive also suggests

that there exists a systematic commonality of the vegetative response to rainfall variations

over the northern and central NEB. These fields demonstrate a distinct variation in the

sign and geographical distribution of the NDVI-lagged rainfall relationships. Also

observed is that correlation coefficients between the two fields are found to be strongest

for a time lag 0 + 1 months. This is likely to reflect geographical and seasonal variations

in the transitional rainfall character of the region of study, which in turn depend on the

effects of rainfall variations on its seasonal vegetation dynamics. The distribution of

significant negative and positive correlations reinforces the results and conclusions drawn

from the all six examined scatter plots, indicating that even negative values of the

statistical relationship are likely to have a physical significance.

The results from the NDVI-lagged rainfall correlations based on the spatial NDVI

and rainfall time series data averaged to all points in the NEB grid, and computed for

each individual month averaged to the period 1982-1993, shown in Figure 17, reveal that

a shift of NDVI-rainfall correlations over the NEB from one peak at the concurrent
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response (i.e., no time lag) to double peaks at any of delayed response is apparent. At the

direct response (i.e., no time lag) between NDVI-rainfall over the NEB, the strongest

significant relationship occurs in November (r = +0.36). At any of the delayed response

between ND VT-lagged rainfall over the NEB, the strongest significant association occurs

in May-June (r = from +0.23 to +0.39) and November-December (r = from +0.33 to

+0.40). The fact that spatial correlations over the NEB are maximal for a delayed

response during May-June and November-December may reflect the sensitivity of some

vegetation responses to differences in rainfall patterns between the northern (peak of the

wet season in May-June) and southern parts (peak of wet season in November-December)

in the NEB. The spatial magnitude of time lag responses was shorter than found for the

temporal analysis. In general, the linkage between rainfall and NDVI as shown in Figure

10 (scatter plots at local sites), Figure 15 (scatter plots between the loadings), Figure 16

(fields) and Figure 17 (spatial correlations) highlight different temporal and spatial

patterns in the NEB. Both spatial and temporal patterns have the highest positive

sensitivity in the north and coastal parts of the NEB, the lowest negative sensitivity in the

west and south parts of the NEB, and almost no sensitivity in the coastal NEB. The

vegetation response times to rainfall changes depends on land cover types and ecosystem

constraints. For instance, ecosystems located near disturbed areas, like site #2 in Figure

10a, may have specific temporal and spatial patterns of vegetation response to rainfall

fluctuations. This could suggest that rainfall has a weak influence on the vegetation in the

local disturbed Caatinga area or this influence is rather disperse or changing in time. Site

#2 shows the highest NDVI variability compared to other locations.
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Figure 17. Monthly Correlations between NDVI and lagged rainfall averaged over the

NEB grid points.
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Second Phase: Temporal and Spatial Variability of the NDVI Responses to Land

Surface Conditions over the NEB

Based on the results from the rotated factor analysis, the responses of the NDVI to

rainfall over the different NEB ecosystems were spatially and temporally consistent

(from Figure 15 to Figure 16), with notable exception concerning the fourth rotated factor

that showed no significant spatial and temporal relations between the two data used. In

particular, such analysis revealed spatial and temporal patterns of joint rainfall and NDVI

variability that appear to be related to common changes in the NEB landscape-rainfall

dynamics. The conclusion is that, monitoring and identifying of the NEB land-surface

conditions due to rainfall variations in the absence of rainfall data may be achieved

through the use of NDVI data. The second phase of this dissertation, rainfall data were

not available to investigate the impact of rainfall fluctuations on the NEB landscape

dynamics over the last two decades of the 20th century. The ability of long-term NDVI

derived from AVHRR data records to detect environmental changes is well established at

the regional basis (e.g., Kogan, 2000). It was therefore pertinent to examine the temporal

and spatial variability in the regional NDVI data in order to quantify land surface

contributions to NDVI over the NEB.

Variability in NDVI based on the spatial averages calculated to the NEB grid

(12,000 points) and for each month from January 1982 to December 2000, is illustrated in

Figure 18. The most striking feature from the 19 annually NDVI curves, however, is the

substantial difference in the 1984 NDVI curve (wet year) compared to 1998 NDVI (dry

year) curve. These two annual NDVI curves are clearly distinguishable from each other.

The 1998 NDVI curve decays much quicker than the 1984 NDVI curve, and the
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difference between the 1984 averaged NDVI curve and the 1998 averaged NDVI curve is

nearly 0.16. One more difference between the 1998 NDVI and 1984 NDVI curves is that

the growing season for the 1998 NDVI period is anomalously shorter than the 1984

NDVI period. All 19 curves displayed in Figure 18 show that the highest NDVI values

occur in April or May (which is the peak of the rainy season in northern and central

NEB) and the lowest NDVI values occur in September or October (which is the peak of

the dry season in northern and central NEB). Results have shown how the amount of

annual variations in NDVI values varies significantly from year to year in response to the

resulting extreme wet and extreme dry years that undoubtedly shape the NEB landscape.

The magnitude of these changes in the land surface conditions of the NEB ecosystems

during the vegetation growing season in the extreme dry year (1998) is generally much

smaller and more rapid than those associated with the extreme wet year (1984). Hence, it

appears that depending upon rainfall conditions, the sensitivity of these annual NDVI

curves has different spatial and temporal variability.

The statistical parameters for the NDVI values (i.e., minimum NDVI, mean

NDVI, maximum NDVI, and CV) were based on the spatial averages calculated to the

NEB grid points and for each month averaged from January 1982 to December 2000. The

resulting NDVI curves of minimum, mean, maximum, and CV are shown in Figure 19.

However, a closer look at the three NDVI curves reveals that the seasonal variability in

the minimum and mean NDVI curves is rather high. In contrast, the seasonal variability

in the maximum NDVI curve is visually spoken not so discriminative. Among the three

NDVI curves, the minimum NDVI curve is rather high in March (0.234), April (0.286),

May (0.280), June (0.255) and July (0.214), and rather low in October (0.103), November
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(0.104) and December (0.106). Previous studies have shown that the onset of growth

vegetation activity is unlikely to initiate while NDVI value is less than 0.1 (Justice et al.,

1986). Mean NDVI curve is rather high during the seven-months from January (0.510)

through July (0.580) and rather low from August (0.447) through December (0.459),

reaching maximum in May (0.606) and a minimum in October (0.380), naturally

representing the rainy and dry seasons. In contrast, the maximum NDVI curve conveys

the highest NDVI (0.771) and contributes to sustain its value even during the dry season.

A slight decrease of only 11% is observed beginning in September and October to the

peak of dry season. The most striking differences among the three NDVI curves is that

the dynamic range in NDVI values (0.771 — 0.103) remain relatively constant throughout

the seasonal cycle. The spatial variation of the mean NID VI curve is assessed by the CV

that ranges from 14% to 32%. Not surprisingly, the CV ranges exhibit the largest values

during the dry season. The seasonal behavior of the minimum and mean NDVI curves is

broadly similar, although they revealed the high contrast of the NDVI variations

compared to that of the maximum NDVI curve. The results presented in Figure 18 and

Figure 19 demonstrate the sensitivity of NDVI to land surface changes of the NEB

ecosystems on the annual and seasonal basis.
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Figure 18. Variations in NDVI based on the spatial averages calculated from the NEB

grid points (12,000 values) and for each month from January 1982 to December 2000.

The 19-NDVI curves represent the annual changes over the entire NEB ecosystems. The

1998-ND VI (extreme dry-year) and 1984-NDVI (extreme wet year) curves are

highlighted.

Figure 19. NDVI curves of minimum, mean, maximum, and CV averaged over the entire

NEB ecosystems and for each month for the period from January 1982 to December

2000. The mean NDVI curve represents average for all 19-NDVI curves from Figure 18.
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Figure 20 shows the monthly series of NDVI anomalies (Z-score), three-year

moving averages, and CV based on the spatially averaged NEB grid over the period from

January 1982 to September 2001. A visual inspection of the monthly NDVI anomalies

reveals the existence of multi-month episodes, which is generally above (positive

anomalies) or below (negative anomalies) the mean monthly NDVI averaged for each

month over the entire period examined. The frequency of occurrence of these multi-

month episodes is generally characterized by two major periods, April/1984 through

April/1991 (positive anomalies), and January/1993 through November/1999 (negative

anomalies). The two principal clusters characterized by negative and positive anomalies

tend to oscillate within 7 to 8 years, with many isolated large-magnitude of NDVI

anomalies indicating greater inter-annual variability. Between April/1984 and April/1991,

the majority of positive anomalies are of relatively small magnitude, with exception in

January 1990 (+1.2). Between January/1993 to November/1999, the majority of negative

anomalies are of relatively large magnitude. A visual inspection of the NDVI anomalies

reveals months highly variable at the two periods, such as January of 1990 (+1.2), May of

1984 (+0.8), January of 1994 (-1.4) and May of 1998 (-2.1). The frequency of occurrence

of the extreme negative values, however, is substantially higher than those the extreme

positive values. The relatively small magnitude of the positive anomalies (mean value of

+0.6) when compared with the negative anomalies (mean value of -1.1) suggests that a

differential impact of rainfall variability in the NEB land surface conditions. By

inference, the effects of rainfall fluctuations on the inter-annual vegetation dynamics may

be rather strong during the period from January/1993 through November/1999 (positive

anomalies). In addition, the three-year moving averages during 1982-2001 show that
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there is a significant downward trend in NDVI anomalies and the rate of increase is

decreasing. Over the period September 1988 to August 1997, the rate of increase is

approximately -0.1 per year (Figure 20). However, there are significant differences in

directions of short-term deviations (i.e., 1982-1984; 1985-1987; 1998-2000), which show

distinct changes in NDVI anomalies. The observed monthly changes during 1982-1984

and 1998-2000 show an increase in NDVI anomalies, whereas the 1985-1987 shows a

slight decrease.

82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 01

year

Figure 20. Monthly NDVI anomalies (bars), three-year moving averages of NDVI

anomalies (red line), and monthly NDVI variation coefficients (black line) over the

spatially averaged NEB grid. Anomalies and variation coefficients were calculated

relative to the monthly averages for the entire period 1982-2001.



81

The temporal CV of NDVI, and by inference the temporal variability of NDVI,

shows strong seasonal and inter-annual variability in monthly NDVI time series over the

period 1982-2001, represented as spatially averaged NEB grid points. The corresponding

plot for CV is also shown in Figure 20. Generally, the lowest CV value (mean value of

16%) occurs during the peak of wet season (April-May) and the highest CV value (mean

value of 38%) occurs during the peak of dry season (September-October). The peaks of

the CV curve associated with the negative NDVI anomalies reveal a seasonal difference

between the annual maximum episodes. The three highest peak of CV values occur on

October 1983 (47%), January 1990 (42%) and October 1998 (44%). The high negative

values of annually NDVI anomalies associated with the 1983, 1990, and 1998 years

generally increase the seasonal variability in NID VI values. In contrast, annual maximum

episodes of positive values in NDVI anomalies are generally comprised of a smaller

length of annual cycle, such as in the 1984 and 2000 years. Also is observed that the CV

curve reveals an abrupt transition on January 1994. The minimum and maximum NDVI

variability correspond to the NDVI anomalies of 11% (+0.6) and 47% (-0.4), or May

1988 and October 1983, respectively. Results presented in Figure 20 clearly indicate that

there occurred a significant decrease in NDVI over the NEB ecosystems during the 1990s

when compared to the 1980s. Furthermore, the spatial coherence of the response of those

variations in the 1980s and 1990s was investigated to evaluate the differential impact of

desiccation on the different sub-regions across the NEB ecosystems.

Visual comparisons between the mean NDVI imagery 1982-1990 (Figure 21) and

the mean NDVI imagery 1991-1999 (Figure 22) capture distinct variations in the density

and distribution of green vegetation amount across the NEB ecosystems. Therefore, in
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order to make a comparison, the distribution of high (0.7) and low (0.3) NDVI values

provide a useful parameter for comparing and contrasting the NEB sub-regions where

land cover has changed during the period of observation. The dark blue (0.3) and dark red

(0.7) colors represent the lowest and highest values of ND VI, respectively. Some features

can be observed in these images. First, the most striking difference between 1982-1990

and 1991-1999 is the decline in NDVI values largely confined to the northern and central

NEB where it is covered by Caatinga biome. Second, there is a lack of the typical NID VI

gradient from north to south in 1991-1999 as compared to that in 1982-1999. The typical

north-south gradient over the NEB is due to the biome dependency in vegetation response

to rainfall variations, which may be mainly controlled by long-term rainfall variability. A

last feature seen in these images is the highest values (0.7) in NDVI over the

northwestern and southeastern NEB, although there are no corresponding changes at both

periods. The northwestern NEB is naturally covered by evergreen tropical forest,

gradually changing into woody savanna towards the east. Southeastern NEB had been, in

the past, covered by Atlantic rain forest, but in the last three decades has been converted

into cultivated areas, such as sugar cane (IBGE, 1993). The mean NDVI 1991-1999

imagery lies within the period containing the downward trend in NDVI anomalies. The

degree of spatial coherence between the land cover types and the distribution pattern of

NDVI changes between the 1980s and the 1990s also indicates that land surface changes

are more susceptible to occur across the Caatinga landscape.



Figure 21. Mean September NDVI imagery for the 1982-1990.

Figure 22. Mean September NDVI imagery for the 1991-1999.
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The spatial distribution of mean NDVI and the CV along the north-south NEB

latitudinal gradient are compared in a qualitative assessment of local variations in the

annual NDVI signatures with latitude for the September 1982-1990 and September 1991-

1999 periods. Figure 23 shows for scatter plotting distribution comparing the mean NDVI

and north-south NEB latitude as well as CV and north-south NEB latitude for both

periods. All the scatter plots for both periods were calculated in an analogous manner to

those in Figure 25. For these comparisons, the spatial density of NDVI distribution is the

first factor in determining the differences in shape, magnitude and spatial variations with

the north-south NEB latitudes as seen in Figure 24. In Figure 23, the sigmoidal responses

between the mean NDVI and the north-south NEB latitudes are more pronounced in the

September 1991-1999 distribution, although in September 1982-1990 the corresponding

distribution exhibits significant high values in NDVI. Towards the zone between 7°S to

10°S, the mean NDVI distribution shows an abrupt decline in September 1991-1999

compared to that in September 1982-1990. This transitional zone is covered by Caatinga

vegetation and is highly sensitive to rainfall fluctuations. Compared to the CV September

1982-1999, the CV September 1991-1999 exhibits large latitudinal variability and

opposite latitudinal pattern, suggesting the differential responses of NEB ecosystems to

extreme local variability. Also seen is that as the magnitude of the extreme values in

mean NDVI decrease, the sigmoidal responses to local variability become weaker,

especially for the transitional zone.

To examine the local variability of NDVI over the entire NEB landscape, Figure

25 shows four scatter plots comparing the CV and minimum NDVI as well as the

extreme NDVI and mean NDVI based on all the NEB grid points averaged to each point
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for September over 1982-1990 and 1991-1999. The extreme points are represented for

the minimum NDVI and maximum NDVI points over the grid chosen. Each scatter plot

presented in Figure 25 is comprised of a total of 12,000 NDVI points covering the entire

NEB landscape. According to Figure 25, the local variability of NDVI has important

influences on the shapes among these scatter plot distributions. The larger variability of

extreme NDVI is therefore a factor in explaining why the CV versus minimum NDVI

curve of Figure 25 displays an exaggerated curvature in some instances, particularly

above the CV value of 24%. Some of the strength of the relationship among these scatter

plot distributions, is most likely due to the fact the local variability is proportional to

extreme episodes, while CV is proportional to -1/min NDVI. Nonetheless, extreme NDVI

that is more variable relative to the mean NDVI tends to be associated with a larger CV.

North----- ----- South gradient North South gradient 

Figure 23. Spatial variability of mean NDVI along the north-south NEB latitudes for the

periods September 1982-1990 and September 1991-1999.
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Figure 24. Spatial variability of CV along the north-south NEB latitudes for the periods

September 1982-1990 and September 1991-1999.

Based on a visual inspection of the September 1982-1990 and September 1991-

1999 distribution, there appears to be substantial differences due to the effects of local

variability, with the 1982-1990 distribution decay much quicker than the 1991-1999

distribution. One possible reason for the difference in CV 1982-1990 and CV 1990-1991

is that the latter tend to experience more frequency of annual extreme episodes than the

former. The deviation of extreme NDVI 1991-1999 versus mean NDVI 1991-1999 is still

larger than that for the extreme NDVI 1982-1990 versus mean NDVI 1982-1990, but the

dissimilarity is slightly strong. One pattern suggests that the CV 1982-1990 distribution is

characterized for a linear distribution, whereas the CV 1991-1999 distribution

characterized for a log-gamma distribution.
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Figure 25. Scatter plots of the CV versus minimum NDVI and the extreme NDVI versus

mean NDVI based on all the NEB grid points averaged to each point for September over

1982-1990 and 1991-1999. The extreme points are represented for the minimum NDVI

and maximum NDVI points over the grid chosen. Each of scatter plot presented are

comprised of a total of 12,000 NDVI points covering the entire NEB landscape.
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Figure 26. Spatial variability of CV over NEB for the period 1982-2001.

The distribution of the spatial variability of the CV field over the NEB based on

the monthly basis from January 1982 to September 2001 is shown in Figure 26.

Similarly, the resulting CV field was based on the spatial distribution of NDVI values for

the grid chosen. The CV field shows the percentages corresponding to the local

variability on an inter-annual scale. The sub-regions of low variability (>15%)

correspond to sub-regions of a strong negative correlation between NDVI and rainfall

while the sub-regions of high variability (>20%) correspond to sub-regions of a

significant positive association between NDVI and rainfall, both the <15% and >20%

sub-regions are separated by the sub-region of variability between 15% and 20%. The

latter is roughly positioned at the boundary where evergreen tropical forest (towards

eastern Amazônia) gradually changes into woody savanna (towards western NEB). The
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sub-regions of variability confined between 20% and 45% are generally covered by

woody savanna (Cerrado) and shrubbery (Caatinga). Finally, the sub-regions of

variability (above 45%) correspond to sub-regions where the Caatinga vegetation has

experienced a different degree of environmental degradation. The latter is also

characterized by a high degree of the susceptibility of drought impact. The distribution of

NDVI variability over the study region therefore provides a useful parameter for

classifying sub-regions where vegetation cover has changed significantly during the

period of observation, especially during the 1991-1999 years.



CHAPTER VI

SUMMARY, DISCUSSION AND CONCLUSIONS

Summary and Discussion

The purpose of the first phase of this dissertation was to test the hypothesis that responses

of NEB ecosystems to rainfall conditions might occur with different time lags and that

these might be temporally and spatially heterogeneous. For that purpose, the principal

question addressed was: how do the spatial and temporal patterns of NEB ecosystems

respond to rainfall conditions? To answer this question, the spatial and temporal

consistency of the response of the NEB ecosystems to rainfall fluctuations were assessed

by combining monthly series data of NDVI and rainfall for the twelve-year period from

January 1982 to December 1993. Responses of NEB ecosystems to rainfall conditions

were characterized by applying correlations at different time lags and rotated factor

analysis through the use of Varimax rotation. Different time lags were applied to evaluate

whether there was a delayed response to rainfall in the NDVI time series data, whereas

rotated factor analysis was used to identify the spatial and temporal patterns in which

NDVI was most strongly correlated with rainfall variations. The results presented in the

first phase of this dissertation were divided into two major findings:

1) The results from the NEB correlation analysis demonstrate that regional response

of NDVI to rainfall conditions were highly differentiated for NDVI according to

land cover types and the length of time lag over which rainfall was summed. The

response of NDVI over northern and central NEB ecosystems to inter-annual

rainfall variations was rather high where annual rainfall amounts roughly vary
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from 300 to 750 mm. Meanwhile, the response of NDVI over coastal NEB

ecosystems to both annual and inter-annual rainfall variations was rather weak

where annual rainfall amounts roughly vary from 1500 to 2000 mm. However,

inter-annual rainfall variations did not appear to be the dominant factor

determinant on the response of NDVI over the western and southern NEB

ecosystems. These sub-regional divergences might be related to differential biome

responses to the distribution and deviation in total rainfall amounts and partly soil

moisture conditions. Across the NEB ecosystems, the strength of the NDVI-

rainfall correlations was found to be best for NDVI data associated with rainfall in

the concurrent plus one previous month (lag 0+1). In general, spatial correlation

values between NDVI and lagged rainfall vary from -0.20 to +0.8. The northern

NEB and southern NEB have opposite signs for the relations between NDVI and

rainfall at no time lag: a positive correlation over the northern NEB and a negative

correlation over the southern NEB. The main weather system in northern NEB is

associated with ITCZ that drives the rainy season with peak in May. In the

southern NEB, the SACZ drives the rainy season with peak in November. Hence,

the difference in time lags for the spatial and temporal correlations between NDVI

and rainfall over northern and southern and central NEB are likely associated with

the onset of rainy season in both sub-regions that has a lag of a few months.

2) The results from Varimax-rotated factor analysis reveal that the spatial and

temporal patterns of the NDVI responses to rainfall changes were better explained

by the first rotated, second rotated, and third rotated factors (the first three loading

factors). The spatial patterns of the ecosystems appear to correspond with some
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patterns in seasonal rainfall distribution. The major results are: (i) the similarities

of sub-regional patterns between the high loadings of the first, second, third

NDVI and the rainfall factors were associated with the response of the three NEB

dominant biomes to seasonal rainfall distribution in southern, northern and coastal

parts of the NEB, respectively; (ii) the first rotated, second rotated, and third

rotated factors are related to the austral summer (south), austral autumn (north),

and austral winter (coastal) modes of seasonal cycle. The second rotated and third

NDVI rotated factors demonstrated high degree annual variability; and (iii)

monthly correlations between the loadings of the first, second, and third NDVI

and the rainfall factors revealed a negative strong, positive strong and negative

significant correlations, respectively.

The second phase of this dissertation was to test the hypothesis that responses of

NDVI variability to land surface conditions might be temporally and spatially

heterogeneous. Specifically, the question addressed was: do the AVHRR NDVI data

records capture the spatial and temporal variability of land surface conditions across the

NEB ecosystems? The spatial and temporal variability of the responses of the NEB

ecosystems to land surface conditions were assessed by combining monthly series data of

NDVI for the twenty-year period from January 1982 to September 2001. To better

quantify the spatial and temporal patterns of NDVI variability across the NEB

ecosystems on the seasonal, annual and inter-annual basis, a combination of statistical

parameters of monthly series of NDVI (minimum, mean, maximum, anomalies and CV)

and annually NDVI images were used. The results presented in the second phase of this

dissertation were divided into two major findings:
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1) The twenty years of NDVI data records revealed a high degree of seasonal,

annual, and inter-annual variability in the response of the NEB ecosystems to

vegetation activity. The dynamic range for the entire NEB ecosystems varied

from 0.103 to 0.771. The seasonal vegetation variations measured by coefficient

of variation gradually varied from 16% (onset of vegetation growing season) to

38% (off-set of vegetation growing season). Both the positive and negative

variations in the monthly NDVI anomalies over the region were observed during

1982 to 2001. The positive variations in monthly NDVI anomalies were observed

between Apri 11 1984 and April/1991, whereas the negative variations were

observed between January/1993 to November/1999. The highest and lowest

values in CV were recurrently associated with the negative and positive values in

monthly NDVI anomalies during the period 1982-2001, respectively. In addition,

a preliminary analysis based on three-year moving averages revealed a strong

decrease in monthly NDVI anomalies trend over the period from September 1988

to August 1997. Such downward trend in NDVI anomalies suggests that the

response of NEB landscape was quite sensitive, to a certain extent, the differential

impact of enhanced aridity over the 1990s.

2) The results from the averaged NDVI images for September of the 1982-1990 and

1991-1999 confirmed decreasing spatial patterns in the response of the NEB

ecosystems to land surface variations on the annual basis. The dissimilarities in

the spatial patterns of 1991-1999 compared to that of 1982-1990 were markedly

differentiated. These were most apparent in the northern and central NEB

latitudes, which contained a marked clustering of locations with relatively low
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values in NDVI. In addition, the annual variations in NDVI measured by CV

based on the NEB grid points, averaged to each point for September from1982-

1990 and 1991-1999, suggested that the differential impact on the annual

variations of NDVI for the two periods was largely explained by NDVI deviation

from minimum and maximum values of ND VI. One pattern suggested that the CV

distribution of 1982-1990 might be represented for an inverse linear function,

whereas the CV distribution of 1991-1991 might be represented by a log-gamma

function. These two spatial patterns of CV may indicate the differential impact of

desiccation on the land surface conditions of the NEB landscape that was

markedly apparent in the central NEB landscape over 1991-1999, with a

discernible clustering of low values in CV. In particular, the spatial distribution of

mean NDVI along the north-south NEB latitudinal gradient was more pronounced

for 1991-1999 than for 1982-1990, which was largely differentiated by a

sigmoidal response. The biome responses in the NEB ecosystems to land surface

variations from basic CV distribution over 1982-2001 were highly differentiated

in space. Different sub-regions are identified in the study region, and each agreed

with different relations between NDVI and rainfall established for the first phase

of this dissertation. The western NEB is one sub-region, where is covered with

evergreen tropical forest (near Amazônia biome) and gradually changes into shrub

woodland towards the south, in a mixture of shrub woodland and shrub savanna

(within Caatinga and Cerrado biomes), characterized by low annual variability

(<15%) that was associated with a significant negative correlations between

NDVI and rainfall. A second one roughly positioned at the boundary between
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evergreen tropical forest and shrub woodland (a small strip along the western

NEB), which is characterized by transitional variability between 15% and 20%

that was associated with a significant negative correlations between NDVI and

rainfall. The northern and central NEB is a third one, that is sub-divided into

several Caatinga physiognomies, from grassland to shrub woodland, which were

characterized by highly variability (between >20% and <45%) that associated

with a strong positive correlations between NDVI and rainfall. A fourth one, the

northeastern NEB, is located in the drier zone of the study region (annual average

less than 400 mm) and naturally consists of xerophitic thorn shrub savanna. The

later sub-region, certain areas experience a high degree of environmental

degradation, characterized by extreme variability (above 45%).

Conclusions

The temporal and spatial consistency and variability of the responses of the

AVHRR NDVI time series data to the rainfall time series data for the entire NEB were

observed here. Responses of different land cover types of the NEB to rainfall conditions

appeared to occur with different time lags and appeared to be spatially heterogeneous. In

addition, the inter-annual NDVI variability in the NEB ecosystems to land surface

variations appeared to be temporally and spatially heterogeneous. The direct response

(i.e., no lagged response) of the NEB ecosystems to rainfall might be associated with land

cover types and ecosystem constraints. A strong positive relation was found in rainfall-

limited NEB ecosystems that are associated with the Caatinga biome. Over the Cerrado

biome and Atlantic rain forest (evergreen tropical forest), significant negative relations
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between NDVI and rainfall were found where there were no moisture availability

constraints. As a result, it is difficult to establish a unique relation for the entire NEB

ecosystems between NDVI and rainfall. However, the NDVI responses of the NEB

ecosystems to changing rainfall conditions was found to be strongly positive for a

correlation of NDVI with rainfall in the concurrent plus one previous month. This was

demonstrated for most of the NEB ecosystems, except for southeastern NEB ecosystem,

which is formed by Atlantic rain forest that is, in certain areas, converted to cropland. In

general, there is a good spatial agreement between the NEB ecosystems and the patterns

of NDVI variability on both the annual and inter-annual basis as the differential

responses of the NEB ecosystems are affected by both positive and negative correlations

with rainfall. There were clear indications that the NDVI variation in the interval between

20% and 45%, a rapid response of NDVI to changes in inter-annual rainfall exist for most

of NEB ecosystems where main annual rainfall amounts vary from 250 to 750 mm. Over

the twenty-year period, from 1982-2001, the analysis of ND VI time series data revealed a

strong seasonal, annual and inter-annual variability of the land surface conditions over

the NEB. In addition, a preliminary analysis based on three-year moving averages

suggested a strong decrease in monthly NDVI anomalies trend over the period from

September 1988 to August 1997. The decrease might be interpreted as the response of

NEB ecosystems caused by the impact of enhanced aridity over the 1990s. To have a

better understanding of the behavior of ecosystems in semi-arid tropical regions to

rainfall conditions, however, one would have to rely on comprehensive rainfall data,

including remote sensing data of vegetation with a moderate resolution.



APPENDIX A

Comparison of the monthly extracted NDVI AVHRR and monthly averaged rainfall

data records for six sites across the NEB ecosystems from 1982-1993

The monthly NDVI images were obtained from the Goddard Distributed Active Archive

Center via the Internet at the

ftp ://daac.gsfc.nasa.gov/data/avhrecontinent/south_america/yearly. The rainfall

monthly data records were acquired from Superitendência de Desenvolvimento do

Nordeste (SUDENE). The address of Superitendência de Desenvolvimento do Nordeste

(SUDENE) in Brazil is: Praça Min. Joao Gonçalves de Souza, s/n — Ed. Sudene, 30

andar, ala Sul — Engenho do Meio — Recife/PE, CEP 50670-900, Brazil (phone #:

081-3272-4095). Table 2 and Table 3 each have three selected sites and each site has

monthly extracted AVHRR NDVI images (3 by 3 pixel arrays centered in the weather

station) and monthly averaged rainfall data records from 1982-1993 (see details Chapter

4). A land cover map for NEB was used to determine the different land cover types

across the NEB (IBGE 1993). Land cover classification is based on the IBGE map (1993)

produced at 1:5,000,000. The raw rainfall data records were obtained from weather

stations located in within homogenous vegetation and disturbed areas across the NEB

ecosystems. Table 2 and Table 3 have site number, location, and twelve-year data

records. These sites represent the six major formations found in NEB ecosystems

(Barbosa 1998). The Caatinga Arbérea Aberta (i.e., open shrubbery) located in the

northern NEB (site #1). The disturbed Caatinga located in the central NEB (site #2). The
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Caatinga Arbi5rea Densa (i.e, dense shrubbery) located in the central NEB (site #3). The

transition area (i.e., ecotone-Caatinga and Cerrado) located in the southern NEB (site#4).

The Cerrado (i.e., woodland) located in the western NEB (site #5), and Floresta

Ombréfila Densa (i.e., Atlantic rain forest) located in the southeastern NEB (site #6).

Table 2. Comparison of the monthly NDVI and monthly rainfall data records for three

sites located at the north and central parts of the NEB (APPENDIX A).



Table 2. Comparison of the monthly NDVI and monthly rainfall data records for three

sites located at the north and central parts of the NEB (APPENDIX A).

Araucuba (site #1)
(3.75S; 39.78W)

Murici (site #2)
(8.32S; 39.15W)

Casa Nova (site # 3)
(9.42S; 41.13W)

Year ND'VI	 rainfall NDVI	 rainfall NDVI	 rainfall
Jan-82 0.160	 25.9 0.429	 0.0 0.424	 69.4
Feb-82 0.256	 38.0 0.327	 10.3 0.360	 45.5
Mar-82 0.312	 108.1 0.501	 59.1 0.440	 68.9
Apr-82 0.528	 71.4 0.443	 38.3 0.448	 114
May-82 0.488	 42.3 0.420	 0.0 0.456	 0
Jun-82 0.240	 4.8 0.339	 0.0 0.304	 0
Jul-82 0.168	 0.0 0.294	 0.0 0.283	 0

Aug-82 0.152	 0.0 0.211	 0.0 0.214	 0
Sep-82 0.184	 0.0 0.170	 50.6 0.185	 0
Oct-82 0.128	 0.0 0.188	 0.0 0.180	 0
Nov-82 0.136	 0.0 0.197	 0.0 0.220	 0
Dec-82 0.120	 0.0 0.189	 37.5 0.205	 38.2
Jan-83 0.080	 1.5 0.276	 98.2 0.271	 45.9
Feb-83 0.208	 27.7 0.465	 97.7 0.341	 91.1
Mar-83 0.272	 63.5 0.380	 48.2 0.359	 109.8
Apr-83 0.232	 60.7 0.445	 0.0 0.428	 0
May-83 0.240	 6.0 0.352	 0.0 0.360	 0
Jun-83 0.160	 5.3 0.307	 0.0 0.360	 0
Jul-83 0.112	 0.0 0.265	 0.0 0.240	 12.1

Aug-83 0.104	 0.0 0.203	 0.0 0.197	 0
Sep-83 0.120	 0.0 0.204	 0.0 0.203	 0
Oct-83 0.136	 0.0 0.175	 0.0 0.161	 0
Nov-83 0.104	 0.0 0.185	 27.3 0.222	 55.2
Dec-83 0.088	 8.0 0.227	 10.3 0.279	 72.1
Jan-84 0.128	 30.3 0.309	 0.0 0.260	 28.9
Feb-84 0.216	 54.9 0.316	 22.2 0.310	 48.7
Mar-84 0.256	 219.4 0.537	 74.4 0.396	 134.1
Apr-84 0.664	 228.4 0.599	 128.2 0.456	 105.1
May-84 0.616	 104.8 0.646	 0.0 0.453	 49.2
Jun-84 0.568	 57.2 0.508	 0.0 0.428	 0
Jul-84 0.480	 0.0 0.432	 0.0 0.382	 0

Aug-84 0.328	 0.0 0.324	 0.0 0.288	 0
Sep-84 0.224	 0.0 0.278	 0.0 0.248	 0
Oct-84 0.184	 0.0 0.249	 0.0 0.220	 37.1
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Table 2. Comparison of the monthly NDVI and monthly rainfall data records for three

sites located at the north and central parts of the NEB (APPENDIX A) -- Continued.

site #1 site #2 site #3

Nov-84 0.168 0.0 0.444 10.3 0.368 79.5
Dec-84 0.176 0.0 0.329 0.0 0.404 10.5

Jan-85 0.176 120.5 0.589 159.0 0.536 451.1

Feb-85 0.456 313.5 0.642 63.5 0.454 43.3

Mar-85 0.592 115.3 0.655 260.9 0.478 166.3

Apr-85 0.496 285.7 0.604 377.0 0.447 175.4

May-85 0.664 71.5 0.623 134.7 0.545 19.4

Jun-85 0.600 32.9 0.560 13.3 0.388 28.7

Jul-85 0.536 10.0 0.457 18.4 0.401 0

Aug-85 0.352 0.0 0.381 0.0 0309 3.2

Sep-85 0.376 9.8 0.308 0.0 0.278 0

Oct-85 0.272 0.0 0.260 0.0 0.281 69.2

Nov-85 0.168 0.0 0.256 0.0 0.270 39

Dec-85 0.104 47.8 0.600 116.1 0.461 162.6

Jan-86 0.440 94.2 0.596 10.3 0.512 33.3

Feb-86 0.528 138.2 0.515 42.6 0.486 127.4

Mar-86 0.520 175.0 0.611 155.9 0.532 132.1

Apr-86 0.560 157.4 0.617 28.5 0.524 16

May-86 0.648 205.8 0.590 0.0 0.463 2.4

Jun-86 0.616 103.0 0.428 9.0 0.378 0

Jul -86 0.544 0.0 0.327 0.0 0.290 0

Aug-86 0.408 0.0 0.319 0.0 0.277 0

Sep-86 0.328 0.0 0.224 0.0 0.223 0

Oct-86 0.328 0.0 0.354 0.0 0.226 0

Nov-86 0.280 0.0 0.320 10.3 0.278 14.7

Dec-86 0.248 0.0 0.437 10.2 0.346 85.4

Jan-87 0.200 14.0 0.522 38.5 0.419 17.7

Feb-87 0.248 4.2 0.465 10.3 0.405 63.9

Mar-87 0.376 244.1 0.605 232.1 0.452 261.1

Apr-87 0.552 72.7 0.647 48.2 0.504 11.1

May-87 0.712 18.3 0.596 0.0 0.497 9.07

Jun-87 0.384 63.2 0.399 22.7 0.322 0

Jul-87 0.488 0.0 0.349 11.5 0.247 0
Aug-87 0.392 0.0 0.278 0.0 0.214 0
Sep-87 0.192 0.0 0.261 0.0 0.204 0
Oct- 87 0.192 0.0 0.223 21.0 0.172 24.3
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Table 2. Comparison of the monthly NDVI and monthly rainfall data records for three

sites located at the north and central parts of the NEB (APPENDIX A) -- Continued.

site #1 site #2 site #3
Nov-87 0.200 0.0 0.294 0.0 0.280 64.7
Dec-87 0.184 0.0 0.329 0.5 0.388 80
Jan-88 0.384 50.4 0.456 22.5 0.506 128.1
Feb-88 0.544 29.0 0.445 0.0 0.476 28.6
Mar-88 0.584 114.9 0.648 170.2 0.582 175.7
Apr-88 0.616 136.8 0.696 95.3 0.596 157.1
May-88 0.656 131.6 0.702 0.0 0.580 5.2
Jun-88 0.680 48.5 0.636 1.4 0.509 2.714
Jul-88 0.504 10.3 0.492 0.0 0.396 0

Aug-88 0.520 0.0 0.420 0.0 0.338 0
Sep-88 0.328 0.0 0.264 0.0 0.247 0
Oct-88 0.272 0.0 0.369 20.3 0.247 13
Nov-88 0.208 0.0 0.443 23.7 0.401 24.5
Dec-88 0.168 0.0 0.588 38.7 0.407 263.8
Jan-89 0.312 98.5 0.525 0.0 0.497 82.2
Feb-89 0.256 31.2 0.401 21.3 0.514 91.6
Mar-89 0.408 125.4 0.531 208.0 0.424 154.7
Apr-89 0.592 315.6 0.636 93.5 0.478 36.7
May-89 0.616 119.1 0.644 125.9 0.503 15.2
Jun-89 0.632 36.5 0.598 18.4 0.356 10.7
Jul-89 0.448 38.5 0.452 6.0 0.312 0

Aug-89 0.344 0.0 0.363 0.0 0.266 3.3
Sep-89 0.232 7.0 0.297 63.3 0.247 0
Oct-89 0.184 0.0 0.275 0.0 0.214 10.3
Nov-89 0.224 0.0 0.579 2.0 0.202 50.9
Dec-89 0.200 103.6 0.460 154.0 0.358 288.9
Jan-90 0.464 8.3 0.621 0.0 0.356 11.7
Feb-90 0.352 129.5 0.549 0.0 0.484 142.2
Mar-90 0.480 42.2 0.505 34.2 0.452 0
Apr-90 0.424 61.4 0.574 52.0 0.459 0
May-90 0.488 37.0 0.553 0.0 0.402 0
Jun-90 0.320 30.0 0.408 0.0 0.334 0
Jul-90 0.216 14.5 0.349 0.0 0.295 28.5

Aug-90 0.200 0.0 0.283 0.0 0.247 0
Sep-90 0.160 0.0 0.250 0.0 0.248 0
Oct-90 0.200 0.0 0.347 0.0 0.218 55.3



102

Table 2. Comparison of the monthly NDVI and monthly rainfall data records for three

sites located at the north and central parts of the NEB (APPENDIX A) -- Continued.

site #1 site #2 site #3
Nov-90 0.104 0 0.342 10.4 0.197 44.3
Dec-90 0.152 0 0.479 14.3 0.188 44
Jan-91 0.336 35.5 0.503 0 0.377 37.4
Feb-91 0.528 84.8 0.584 47.7 0.332 19.9
Mar-91 0.6 229.3 0.616 105.7 0.395 118.6
Apr-91 0.64 72.7 0.591 0 0.433 32.4
May-91 0.576 51 0.404 0 0.556 0
Jun-91 0.52 2.5 0.357 0 0.43 0
Jul-91 0.392 0 0.272 0 0.365 0

Aug-91 0.208 0 0.188 0 0.276 0
Sep-91 0.152 0 0.162 0 0.174 0
Oct-91 0.136 0 0.179 0 0.134 0
Nov-91 0.176 0 0.366 0 0.169 48.2
Dec-91 0.136 0 0.307 0 0.303 46.6
Jan-92 0.12 62 0.236 275 0.304 0
Feb-92 0.328 121 0.525 140 0.414 0
Mar-92 0.424 61 0.551 48 0.431 0
Apr-92 0.512 48 0.567 134 0.39 52
May-92 0.32 0 0.505 11 0.351 42
Jun-92 0.248 33 0.381 6 0.308 182
Jul-92 0.192 16 0.336 7 0.276 116

Aug-92 0.192 4 0.286 4 0.225 2
Sep-92 0.168 0 0.26 0 0.204 55
Oct-92 0.176 0 0.262 0 0.199 0
Nov-92 0.12 0 0.273 17 0.269 0
Dec-92 0.136 0 0.363 0 0.391 2
Jan-93 0.2 0 0.357 67 0.346 0
Feb-93 0.224 115 0.345 8 0.32 0
Mar-93 0.36 24 0.324 24 0.327 0
Apr-93 0.44 59 0.356 63 0.327 61
May-93 0.376 0 0.356 21 0.299 37
Jun-93 0.192 0 0.36 9 0.265 0
Jul-93 0.176 42 0.356 5 0.227 36

Aug-93 0.144 4 0.308 4 0.216 0
Sep-93 0.12 0 0.267 2 0.223 29
Oct-93 0.112 3 0.275 2 0.423 0
Nov-93 0.128 0 0.269 25 0.236 0
Dec-93 0.112 16 0.371 0 0.298 2
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Table 3. Comparison of the monthly NDVI and monthly rainfall data records for three

sites located at the south, west and east parts of the NEB (APPENDIX A).

Correntina (site #4)
(13.2S; 44.15W)

Tanque Novo (site #5)
(10.8S; 44.1W)

Ponto Chique (site #
6)
(14.55S; 39.93W)

Year NDVI	 rainfall NDVI	 rainfall NDVI	 rainfall
Jan-82 0.640	 309.5 0.672	 461.8 0.648	 232.5
Feb-82 0.568	 122.5 0.704	 116.1 0.632	 152.7
Mar-82 0.544	 186 0.696	 151.6 0.688	 14
Apr-82 0.648	 64 0.712	 110.9 0.560	 95
May-82 0.552	 0 0.632	 0 0.584	 44.2
Jun-82 0.528	 0 0.456	 0 0.664	 29.2
Jul-82 0.480	 0 0.4	 0 0.648	 38.3

Aug-82 0.368	 0 0.304	 0 0.600	 49.5
Sep-82 0.328	 16.2 0.248	 25 0.648	 49.2
Oct-82 0.352	 42.2 0.576	 198.6 0.528	 16.2
Nov-82 0.376	 66.7 0.44	 10.4 0.552	 19
Dec-82 0.496	 57.9 0.504	 229 0.520	 50.4
Jan-83 0.336	 503.4 0.432	 266.4 0.456	 86.2
Feb-83 0.608	 257.4 0.736	 110.5 0.648	 190.7
Mar-83 0.536	 95.9 0.632	 304.7 0.656	 176.2
Apr-83 0.600	 177 0.728	 20.4 0.608	 33.4
May-83 0.560	 0 0.68	 0 0.672	 75.2
Jun-83 0.544	 0 0.552	 0 0.696	 71.4
Jul-83 0.464	 0 0.384	 0 0.640	 19

Aug-83 0.408	 0 0.32	 0 0.704	 9.4
Sep - 83 0.304	 0 0.264	 45.9 0.536	 48.2
Oct- 83 0.520	 38 0.264	 25.4 0.544	 54.5
Nov-83 0.568	 464.9 0.648	 240.9 0.624	 165.6
Dec-83 0.512	 156.2 0.624	 252.7 0.656	 124.2
Jan-84 0.520	 254.7 0.632	 166.5 0.608	 38.2
Feb-84 0.544	 94.4 0.704	 75.8 0.656	 57.2
Mar-84 0.528	 94.6 0.648	 106.4 0.696	 41
Apr-84 0.568	 69.2 0.704	 81.9 0.696	 128.5
May-84 0.624	 18 0.744	 0 0.752	 27
Jun-84 0.528	 0 0.672	 0 0.640	 43
Jul-84 0.472	 0 0.416	 0 0.648	 32.2

Aug-84 0.432	 0 0.328	 0 0.648	 45.5
Sep-84 0.280	 18.1 0.328	 52.6 0.624	 19
Oct-84 0.320	 61.7 0.288	 45.2 0.584	 126.3
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Table 3. Comparison of the monthly NDVI and monthly rainfall data records for three

sites located at the south, west and east parts of the NEB (APPENDIX A) -- Continued.

site #4 site #5 site #6

Nov-84 0.464 75 0.688 47.6 0.720 44.6

Dec-84 0.480 193.2 0.768 222.1 0.568 39.2

Jan-85 0.544 478.8 0.672 469.6 0.656 111.8

Feb-85 0.624 98.8 0.704 124 0.752 63.2

Mar-85 0.568 16.4 0.68 153.8 0.576 45.2

Apr-85 0.616 64.4 0.672 140.4 0.608 195.7

May-85 0.488 0 0.664 78 0.672 41

Jun-85 0.496 0 0.616 10.4 0.720 48.2

Jul-85 0.480 0 0.504 0 0.624 54.2

Aug-85 0.424 0 0.352 0 0.592 69.2

Sep-85 0.360 0 0.264 12.4 0.664 0

Oct-85 0.464 0 0.536 180.2 0.520 99.2

Nov-85 0.560 91.6 0.616 91.3 0.664 131.2

Dec-85 0.616 379.7 0.632 313.9 0.704 153.9

Jan-86 0.512 369.6 0.616 230.3 0.680 72.2

Feb-86 0.688 272.2 0.744 76.2 0.584 91.4

Mar-86 0.552 296.8 0.688 156.4 0.640 39

Apr-86 0.528 148.9 0.672 153.7 0.680 56.4

May-86 0.552 0 0.68 0 0.680 57.2

Jun-86 0.496 0 0.696 0 0.632 76.5

Jul-86 0.480 0 0.488 0 0.696 63.3

Aug-86 0.360 1163 0.376 12 0.560 46

Sep-86 0.376 0 0.248 0 0.560 0

Oct-86 0.336 130.8 0.6 115.6 0.440 56

Nov-86 0.528 48 0.728 97.4 0.680 35.5

Dec-86 0.552 52 0.712 107.6 0.576 124.3

Jan-87 0.504 0 0.712 62.4 0.688 47.2

Feb-87 0.560 208.9 0.688 37.2 0.616 173.6

Mar-87 0.480 2253 0.664 259.4 0.696 86

Apr-87 0.664 129.4 0.744 230.9 0.696 273.9

May-87 0.584 0 0.664 0 0.720 18

Jun-87 0.528 0 0.552 0 0.688 0

Jul-87 0.496 0 0.376 0 0.632 21.2

Aug-87 0.424 0 0.256 0 0.600 0

Sep-87 0.360 0 0.248 0 0.600 55

Oct-87 0.432 288.3 0.208 39.2 0.488 0
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Table 3. Comparison of the monthly NDVI and monthly rainfall data records for three

sites located at the south, west and east parts of the NEB (APPENDIX A) - Continued.

site #4 site #5 site #6

Nov-87 0.568 312.8 0.624 259 0.672 933

Dec-87 0.536 296.8 0.616 190.5 0.632 212.5

Jan-88 0.656 321.4 0.72 180 0.704 0

Feb-88 0.696 87.4 0.704 187.8 0.624 0

Mar-88 0.560 487.3 0.744 101.3 0.696 89.2
Apr-88 0.616 74.4 0.76 65.8 0.736 152.6

May-88 0.624 0 0.624 0 0.648 52.4

Jun-88 0.576 0 0.56 0 0.720 46

Jul-88 0.528 0 0.344 0 0.488 0

Aug-88 0.520 0 0.376 0 0.616 35
Sep-88 0.456 55.1 0.272 0 0.512 32

Oct-88 0.528 93.5 0.512 52.5 0.600 106.5

Nov-88 0.504 271.7 0.648 85.4 0.576 109

Dec-88 0.472 296.2 0.648 387.6 0.576 351.2

Jan-89 0.568 200.4 0.768 116 0.600 46.2

Feb-89 0.528 236.3 0.696 86.4 0.464 0

Mar-89 0.544 286.4 0.688 407.4 0.624 154.7

Apr-89 0.536 210.3 0.672 207.9 0.704 62.4

May-89 0.488 46 0.696 48 0.600 85.5

Jun-89 0.472 47 0.616 0 0.656 91.5

Jul-89 0.504 0 0.536 0 0.616 0

Aug-89 0.416 0 0.344 0 0.648 92.2

Sep-89 0.328 61.1 0.296 0 0.608 44

Oct-89 0.376 106.6 0.288 32.2 0.624 62

Nov-89 0.376 333.2 0.632 311.4 0.616 141.7

Dec-89 0.288 842.5 0.192 477.2 0.352 316.9

Jan-90 0.512 198.6 0.752 35.3 0.704 32.2

Feb-90 0.528 36.4 0.792 72.8 0.672 67.3

Mar-90 0.520 75 0.744 206.8 0.584 28

Apr-90 0.528 0 0.704 0 0.568 60.5

May-90 0.496 0 0.64 0 0.568 43.2

Jun-90 0.448 0 0.536 0 0.656 24

Jul-90 0.456 0 0.448 0 0.688 36.2

Aug-90 0.384 0 0.328 0 0.552 122.7

Sep-90 0.376 0 0.304 0 0.560 170.4

Oct-90 0.400 182.1 0.312 108.4 0.568 88



Table 3. Comparison of the monthly NDVI and monthly rainfall data records for three

sites located at the south, west and east parts of the NEB (APPENDIX A) -- Continued.

site #4 site #5 site #6
Nov-90 0.520 197.6 0.72 141 0.576 300.9
Dec-90 0.560 344.9 0.704 368.7 0.720 93
Jan-91 0.472 383 0.672 313.5 0.576 61.2
Feb-91 0.472 373 0.752 384.9 0.704 79
Mar-91 0.584 188.6 0.752 244.9 0.664 78.2
Apr-91 0.592 48.8 0.744 133.1 0.672 0
May-91 0.528 0 0.648 0 0.488 117.4
Jun-91 0.544 0 0.656 0 0.600 122.5
Jul-91 0.416 0 0.408 0 0.864 21

Aug-91 0.344 0 0.344 0 0.472 34
Sep-91 0.296 75.1 0.248 0 0.472 48.2
Oct-91 0.368 94.2 0.248 0 0.464 164.3
Nov-91 0.472 319.9 0.464 126.3 0.624 287.7
Dec-91 0.544 625.1 0.536 186.3 0.600 66.2
Jan-92 0.472 369 0.6 229 0.536 114
Feb-92 0.504 235 0.536 134 0.608 132
Mar-92 0.536 99 0.72 18 0.536 122
Apr-92 0.448 116 0.664 116 0.560 55
May-92 0.424 6 0.664 26 0.568 0
Jun-92 0.480 1 0.528 13 0.552 59
Jul-92 0.416 0 0.424 17 0.608 111

Aug-92 0.408 4 0.368 10 0.560 74
Sep-92 0.352 26 0.432 20 0.688 75
Oct-92 0.408 134 0.528 60 0.488 90
Nov-92 0.496 193 0.672 221 0.560 108
Dec-92 0.448 278 0.6 146 0.544 161
Jan-93 0.528 103 0.664 32 0.680 0
Feb-93 0.536 182 0.648 94 0.592 114
Mar-93 0.600 49 0.688 29 0.696 0
Apr-93 0.528 50 0.632 59 0.640 107
May-93 0.568 10 0.464 35 0.624 112
Jun-93 0.536 3 0.4 16 0.632 131
Jul-93 0.520 0 0.328 17 0.688 75

Aug-93 0.424 5 0.248 13 0.480 86
Sep-93 0.384 19 0.272 12 0.456 54
Oct-93 0.416 83 0.528 47 0.408 65
Nov-93 0.568 149 0.64 76 0.560 19
Dec-93 0.528 237 0.656 126 0.560 120
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