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“Somewhere something amazing is waiting to be 
discovered “ 
 

(Carl Sagan) 



 
 

 

ABSTRACT 

 

SANTOS, Vitor Juste dos, D.Sc., Universidade Federal de Viçosa, September 2021. 
Impacts of land cover changes on energy flow and the water cycle in the 
Brazilian Semiarid region. Adviser: Maria Lúcia Calijuri. Co-adviser: José Ivo Ribeiro 
Júnior. 
 

The São Francisco River is the most important water resource in the Northeast of 

Brazil, as it corresponds to 70% of the region's water availability, crossing the most 

populous semi-arid area on the planet. Its waters have multiple uses, for purposes of 

domestic consumption, irrigation, hydroelectric power generation, navigation, leisure, 

tourism, among others. Due to its significant strategic importance in the regional 

context, this river has undergone strong water stress over the last decade and, 

probably, this situation will continue, or even worsen, in the coming years. The 

reason for this is the strong demand for the withdrawal and consumption of its water, 

especially for the irrigation of agricultural crops. Such demand has increased even 

more, given the execution of the São Francisco River Integration Project (PISF), 

which already transposes part of its waters to the hydrographic basins of the 

Northern Northeast, territories that suffer from severe water shortages and have a 

high demand for water, both for domestic consumption and for carrying out 

productive activities. In addition, climate projections for the coming decades predict 

significant drops in rainfall volumes in the São Francisco River Basin, a situation that 

has already occurred between 2012 and 2018, and which resulted in a high decrease 

in flows, impacting various sectors, such as generation electricity and agricultural 

activities. Given this context, this research sought to assess the impacts of changes 

in land cover on the energy flow and on the hydrological cycle, especially for the 

estimation of precipitation and its effects on water availability in the Brazilian 

Semiarid Region. It was found that the São Francisco River Basin has undergone 

relevant changes in its land cover over the last four decades, with the deforestation of 

native vegetation in substitution for pastures and agricultural crops, and that these 

changes have significant relationships with reduction of water infiltration into the soil 

and subsurface runoff, in addition to the increase in surface runoff and 

evapotranspiration. Altogether, rainfall volumes have been decreasing since the 

1990s, accompanied by reductions in the flow of the São Francisco River. The fall 

has been occurring more intensely since the last decade, in a strong event of drought 



 
 

 

that hit the basin and the Brazilian Semiarid Region between 2012 and 2018. In this 

event, the long-term flows of the São Francisco were the lowest in the whole 

historical record, impacting the generation of hydroelectric energy in plants located in 

the Sub-Middle and Lower São Francisco hydrographic sub-regions, and enabling 

the intrusion of saline water from the Atlantic Ocean, reducing water quality 

kilometers inland from the continent in the São Francisco gutter. 

 

Keywords: Climate Alterations. Drought. Land Use. São Francisco River. 

 



 
 

 

RESUMO 

 

SANTOS, Vitor Juste dos, D.Sc., Universidade Federal de Viçosa, setembro de 
2021. Impactos das mudanças na cobertura do solo no fluxo de energia e no 
ciclo da água no Semiárido Brasileiro. Orientador: Maria Lúcia Calijuri. 
Coorientador: José Ivo Ribeiro Júnior. 
 

O rio São Francisco é o recurso hídrico mais importante do Nordeste do Brasil, pois 

corresponde a 70% da disponibilidade hídrica da região, atravessando a área 

semiárida mais populosa do planeta. Suas águas são de usos múltiplos, para fins de 

consumo doméstico, irrigação, geração de energia hidrelétrica, navegação, lazer, 

turismo, entre outros. Por ter uma importância estratégica expressiva no contexto 

regional, este rio passou por forte estresse hídrico ao longo da última década e, 

provavelmente, tal situação irá continuar, ou até mesmo se agravar, nos próximos 

anos. A razão disto é a forte demanda por retirada e consumo de suas águas, 

especialmente para a irrigação de culturas agrícolas. Tal demanda aumentou ainda 

mais, diante da execução do Projeto de Integração do Rio São Francisco (PISF), que 

já transpõe parte de suas águas para as bacias hidrográficas do Nordeste 

Setentrional, territórios que sofrem com forte escassez hídrica e possuem alta 

demanda por água, tanto para consumo doméstico quanto para exercer atividades 

produtivas. Além disso, as projeções climáticas para as próximas décadas preveem 

quedas expressivas nos volumes de chuvas na Bacia Hidrográfica do São Francisco, 

situação que já ocorreu entre 2012 e 2018, e que resultou em um alto decréscimo 

das vazões, impactando diversos setores, como a geração de energia elétrica e as 

atividades agrícolas. Diante deste contexto, a presente pesquisa buscou avaliar os 

impactos das mudanças na cobertura do solo no fluxo de energia e no ciclo 

hidrológico, especialmente para a estimativa da precipitação e seus efeitos na 

disponibilidade de água no Semiárido Brasileiro. Verificou-se que a Bacia 

Hidrográfica do Rio São Francisco passou por alterações relevantes de sua 

cobertura vegetal ao longo das últimas quatro décadas, com o desmatamento de 

vegetações nativas em substituição para as pastagens e culturas agrícolas, e que 

estas alterações tem significativas relações com a redução da infiltração de água no 

solo e no escoamento em subsuperfície, além do acréscimo do escoamento 

superficial e da evapotranspiração. Em conjunto, os volumes de chuvas vêm 

decrescendo desde a década de 1990, acompanhado das reduções das vazões do 



 
 

 

rio São Francisco. Queda esta ocorrendo de forma mais intensa a partir da década 

passada, em um forte evento de seca que atingiu a bacia e o Semiárido Brasileiro 

entre 2012 e 2018. Neste evento, as vazões de longo prazo do São Francisco foram 

as mais baixas de todo o registro histórico, impactando a geração de energia 

hidrelétrica nas usinas localizadas nas sub-regiões hidrográficas do Submédio e 

Baixo São Francisco, e possibilitando a intrusão de água salina proveniente do 

oceano Atlântico, reduzindo a qualidade da água quilômetros adentro do continente 

na calha do São Francisco. 

 

Palavras-chave: Alterações Climáticas. Seca. Rio São Francisco. Uso do Solo. 
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1. PRESENTATION 

 

This document is organized in the following structure: introduction (2); 

research hypotheses (3); objectives (general and specific) (4); presentation of articles 

one (5) and two (6), in addition to the general conclusions (7). Chapter five deals with 

an article that has already been published and chapter six is in the process of being 

evaluated in a journal. The Digital Object Identifier System (DOI) for each one was 

made available along with the footnote identified in the title of each chapter for easy 

consultation. 

In the introduction (chapter 2) a brief presentation of the topics covered in the 

research and the areas of study was made, and the motivations for carrying out this 

thesis were also addressed, which guided the composition of the research hypothesis 

(chapter 3) and the objectives, general and specific (chapter 4). 

In paper one (chapter 5) the performance of different methods for estimating 

the spatiotemporal dynamics of rainfall in the Brazilian Semiarid Region was 

evaluated. In the second (chapter 6), the energy flow and the hydrological cycle of 

the São Francisco basin were investigated in order to verify changes in them and 

whether there is a correlation with anthropic interventions in land use and land cover. 

Finally, a general conclusion was made (chapter 7), presenting the main results 

obtained by this research. 

 
2. INTRODUCTION 

 

Researches which have the Northeast region of Brazil, the Brazilian Semiarid 

and the São Francisco basin as study areas, either together or separately, are 

recurrent in the scientific literature, due to the national importance that these 

territories have in terms socioeconomic, ecological, productive activities and natural 

resources. One of these resources, perhaps the most prominent one today, whether 

in Brazil or in the world, is water (BRITO et al., 2018; DE JONG et al., 2018; 

MARENGO et al., 2020; MARENGO; TORRES; ALVES, 2017; ROSSATO et al., 

2017; SILVA et al., 2021a). 

The three territories mentioned above have large spatiotemporal variations in 

the distribution of their water resources, which creates conflicts over their uses and, 

thus, makes planning and management of water essential for the quality of life of 
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populations and sustainable economic development. Therefore, the motivation for the 

study of water, in the aforementioned areas, attracted the attention of researchers in 

various scientific fields. 

In the area of water resources, especially involving Geographic Information 

Systems (GIS) and water management, research mainly covers some topics, such as 

the development of methodologies for identifying and measuring water deficits and 

droughts (ALVALÁ et al., 2019; BARBOSA ; LAKSHMI KUMAR, 2016; BRITO et al., 

2018; DANTAS; SILVA; SANTOS, 2020; MARENGO; BERNASCONI, 2015; 

MARENGO; TORRES; ALVES, 2017; TOMASELLA et al., 2018), or assessments of 

hydrological and climatic data to know the advantages and disadvantages of their 

uses (DA SILVA et al., 2020; SANTOS et al., 2021), in addition to the use of 

hydrological models that help identify changes in the hydrological cycle of river 

basins from anthropogenic interventions in the natural environment and ongoing 

climate change (CREECH et al., 2015; DE JONG et al., 2018; FREITAS, 2021; 

SILVA et al., 2021a). Other important studies, integrated into the human sciences, 

are the impact assessments caused by extreme events, whether due to excess or 

lack of water, in societies. In these, it is usual to investigate socioeconomic impacts, 

relating events to their consequences, such as losses in productive activities, 

unemployment, reduced quality of life, health impacts, among others (LINDOSO et 

al., 2014; LIRA AZEVÊDO et al., 2017; SILVA et al., 2021b). 

Related topics were addressed in this research, such as the quality of 

databases, especially precipitation, human interventions in the environment, which 

interfere in the dynamics of energy flows and the planet's hydrological cycle, in 

addition to ongoing climate change, subject of paramount importance in research 

related to water, especially in quantitative terms. 

All these themes were addressed having as study areas the Brazilian Semiarid 

and the São Francisco basin, as they are territories that historically coexist with 

conflicts over the use of water due to the spatio-temporal variations in their presence, 

whether in quantity or quality. Simultaneously, the choice of research areas came 

from concerns about the aggravation of such conflicts, which are intensified by the 

growth of water demands for anthropic uses, together with the climate changes 

already underway, which have resulted in a decrease in rainfall volumes, an increase 

in temperature and the potential for evapotranspiration, factors that interfere in the 
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hydrological cycle and in the water balance of river basins, estimating, even the end 

of the 21st century, the worsening of the water deficit. 

 

 
3. HYPOTHESES 

 

From the context presented, this research has the following hypotheses: 

▪ The best performance in estimating rainfall volumes for geospatial products, in 

addition to the methodological approach applied, is the incorporation of different 

information and data from different forms of data acquisition (in situ and remote); 

▪ Changes in land use and land cover in the São Francisco basin have a direct 

influence on the energy balance and on the hydrological cycle of the watershed. 

 

4. GENERAL OBJECTIVE 

 

Evaluate the impacts of land cover changes on the energy flow and 

hydrological cycle, especially for the estimation of precipitation and its effects on 

water availability in the Brazilian semiarid region. 

 
4.1. Specific objectives 

 

• Evaluate seven rain estimation methods, with different approaches, with the 

aid of statistical analysis of 30 years of monthly data, to verify their performance in 

the estimation of the spatiotemporal behavior of the rain against the information 

measured in situ; 

• Identify and measure changes in energy flow and water cycle in the São 

Francisco basin in the second half of the 20th century and in the first two decades of 

the 21st century, and verify the implications of changes in land cover caused by 

human activities in the last four decades. 
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5. PAPER 1: RAINFALL ESTIMATION METHODS IN THE BRAZILIAN SEMIARID 

REGION: 30-YEAR EVALUATION ON A MONTHLY SCALE1 

 

Abstract: Studies about evaluations of different rainfall estimation methods are 

important as they are usually applied in works related to water resources availability, 

public supply, watering, animal water supply, hydroelectric power generation, 

drought episodes' evaluation, among others. Studies that cover the entire area of 

the Brazilian semiarid within this scope are still scarce. In this context, the objective 

of this paper was to evaluate seven rain estimation methods, from different 

approaches, with the aid of statistical analysis. The focus was on the long term, 

using 30 years of data in monthly scale, in order to verify the methods performance 

in estimating the spatiotemporal behaviour of rainfall compared to data measured in 

situ, coming from rainfall and meteorological stations. The evaluation process was 

based on the random selection of training and testing stations, with the first being 

used to interpolate rainfall data using different methods, and the latter used to 

evaluate these estimates with the aid of statistical analysis. Finally, the results were 

standardized, interpreted and discussed. Of all the estimation methods evaluated, 

CHIRPS obtained the best performance when compared to field stations data used 

as test. From the results obtained, there is evidence that the best performance is 

due to the incorporation of several distinct data sources derived from in situ stations, 

geostationary satellite infrared sensor estimates and physiographic predictors. This 

information is not fully present in other evaluated methods. The worst estimation 

performances were in the eastern side of the Brazilian semiarid, an area that 

receives moisture from the Atlantic Ocean and has significant topographic 

variations, due to the set of the complex relief mountains present in the northeast 

coast of Brazil. 

 

Keywords: CHELSA, CHIRPS, interpolation methods, complex terrain, PERSIANN, 

remote sensing. 

 

 
1 Published article:  
dos Santos VJ, Calijuri ML, Ribeiro Júnior JI, de Assis LC. Rainfall estimation methods in the 
Brazilian semiarid region: 30-year evaluation on a monthly scale. Int J Climatol. 2021;41 (Suppl. 
1):E752–E767. https://doi.org/10.1002/joc.6723. 
 



18 
 
 

 

5.1. Introduction 

Several countries have difficulties in structuring rain stations networks that 

cover the whole territory and generate rainfall datasets that do not present 

significant failures in historical records, which hinders and undermines researches 

that needs extensive and consistent databases to study the spatial and time 

precipitation behaviour (Karaseva et al., 2012; Prasetia et al., 2013; Guofeng et al., 

2017; Kumar et al., 2017; Duan et al., 2019). Even nations that have high station 

density in their territories, it is impossible to cover 100% of their limits. 

To generate datasets that cover the entire territory boundaries, interpolation 

methods are applied. To estimate values of climate variables, such as precipitation, 

in areas where there is no monitoring, data interpolation is performed. Interpolation 

methods are based on the principle of autocorrelation or spatial dependence, which 

measure the relationship/dependence degree between near and far objects 

(Childs, 2004). 

There are two categories of interpolation methods: deterministic and 

geostatistical. Deterministic methods create surfaces based on measured points or 

mathematical formulas. Geostatistical methods based on statistics and are used for 

advanced prediction surface modelling, which also includes some certainty 

measures or accuracy of predictions (Childs, 2004; Krivoruchko, 2012). 

In addition to interpolation methods, to overcome the barriers of lack of 

rainfall data, several researches are using geospatial products from remote sensing 

or derivatives from algorithmic that help estimating rainfall volumes based on global 

circulation climate models. Some of those products are TRMM (Kumar et al., 2017; 

Duan et al., 2019), CHIRPS (Quesada-Montano et al., 2018; Zittis, 2018), 

WorldClim (Alves et al., 2013; Lyra et al., 2018), CRU (Li et al., 2013; Klutse et al., 

2016), GPCC (Schneider et al., 2014; Sarmadi and Shokoohi, 2015), PRISM (Di 

Vittorio and Miller, 2013; Bernhardt and Carleton, 2018), CHELSA (Beck et al., 

2018; Fang et al., 2018), PERSIANN (Ghajarnia  et  al.,  2015;  Bhardwaj et al., 

2017; Katiraie-Boroujerdy et al., 2017), among others. 

The quality of rainfall data has great importance for several studies, 

including those focusing on water-related issues such as public water supply 

(Rocha and Soares, 2015; Santos and Farias, 2017), watering (Araújo et al., 2004; 

Gondim et al., 2018), animal water supply (Lira et al., 2017), hydroelectric power 

generation (Jong et al., 2018), in addition to those that focus on drought episodes 
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analysis (de Azevedo et al., 2018; Mariano et al., 2018). In Brazil, such themes are 

exhaustively addressed within the limits of the Brazilian semiarid, a region, as 

highlighted by the Northeast Development Superintendence (SUDENE, 2017), that 

has conflicts over water use due to its scarcity and densely populated. 

Few studies were concerned with the evaluation of geospatial products and 

the results of interpolation methods for rainfall estimates throughout the Brazilian 

semiarid. Research that has done so, efforts are focused on specific geospatial 

products such as CHIRPS (Paredes-Trejo et al., 2017; Costa et al., 2019) and 

TRMM (Franchito et al., 2009), besides another who evaluated the CHIRPS and 

the Ordinary kriging method (Santos et al., 2019). In addition, efforts were focused 

on specific areas or localities within the semiarid, by assessing, in isolated way, 

sometimes some geospatial products (Soares et al., 2016; Anjos et al., 2017), 

sometimes interpolation methods (Barbalho et al., 2014; de Miranda et al., 2017; 

da Silva et al., 2019). 

Of these few studies, Paredes-Trejo et al. (2017), evaluating the CHIRPS for 

the northeast region of Brazil, showed that estimates coming from the orbital 

images have a good overall correlation (r = 0.94), but tend to underestimate the low 

rainfall values and overestimate the high ones (>100 mm-month−1). They found 

that CHIRPS has better ability to estimate rainfall during rainy seasons and has 

poor performance to detect rain during drought seasons in the driest areas of the 

northeast, especially in the Sertão, which is the core area of the Brazilian semiarid. 

They also concluded that the performance of CHIRPS depends on the 

characteristics of the terrain. In leeward areas, where there is less rainfall, has 

lower accuracy. Already near the coast, in windward areas where more rain occurs, 

has higher accuracy. Therefore, it has greater potential for assessment of drought 

events in windward, wetter areas, and less potential leeward, drier areas. 

On this subject, due to the need to better understanding the spatial and 

temporal information generated by rain estimation methods, derived from different 

techniques, we proposed a different approach in relation to the mentioned studies. 

The evaluation covered the entire Brazilian semiarid, considering geospatial 

products with different spatial resolutions and elaborated from differentiated 

methods, as well as interpolation methods from different categories. Thus, the 

objective was to evaluate seven rainfall estimation methods, with different 

approaches, with the aid of statistical analysis. The focus is on the long term, using 
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30 years of data in monthly scale, aiming to verify the performance of the methods 

in estimating the spatiotemporal behaviour of rainfall in face of information 

measured in situ. 

 

5.2. Study Area 

The study area is the current Brazilian Semiarid Official Limits (BSOL, 

unofficial acronym; Figure 5.1a), located between the latitudinal coordinates 

2o41’12” S and 17o59’34” S and longitudinal coordinates 46o38’42” W and 35o18’38” 

W. It was updated in 2017 by the Northeast Development Superintendence, which 

belongs to the Ministry of Regional Development. It has approximately 28 million 

inhabitants living in 1,262 municipalities, with an area of 1,128,697 km2 (SUDENE, 

2017). 

BSOL covers areas with intense solar radiation and low cloudiness and 

relative humidity (Tomasella et al., 2018). High temperatures (Figure 5.1d) make 

evapotranspiration high potential, in addition to low precipitation volumes (Figure 

5.1d), which on average can reach values lower than 800 mm-year−1, especially in 

the core area (area where average annual rainfall is lower than 800 mm and 

average temperatures above 26oC; Conti, 2005). These characteristics make most 

of the official boundary classified in climatic terms as semiarid (Alvares et al., 2013; 

Vieira et al., 2015), according to the methodology that estimates the Aridity Index 

defined by the United Nations Environment and Food and Agriculture Organization 

of the United Nations (FAO, 2009). 

Although the study area topography does not reach expressive altimetric 

values (Figure 5.1h), the relief significantly influences rain distribution, temperature 

discrepancies and winds directions and velocities (Figure 5.1 – f, g), therefore 

influencing the aridity levels throughout the BSOL. The orographic rain, caused by 

altimetric variations and irregularity of relief, results in wetter windward areas and 

more arid leeward areas, consolidating the topoclimatic characteristics of the study 

area (Conti, 2005). 

The relief influence on the moisture distribution consequently affects the 

distribution of plant species (Figure 5.1e), of different sizes and vitalities, from 

Caatinga (smaller vegetation, from undergrowth to shrubs) in the core area of 

BSOL, to the transition areas to Cerrado and Atlantic Forest (larger vegetation, 

from shrubs to trees; Figure 5.1a) (Cunha et al., 2015; Barbosa and Lakshmi 
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Kumar, 2016; Tomasella et al., 2018). 

Figure 5.1  -  (a) Brazilian semiarid location (source: 
http://mapas.mma.gov.br/i3geo/datadownload.htm and http://www.sudene.gov.br/ delimitacao-

do-semiarido); (b) 2017 land use/land cover (source: 
https://mapbiomas.org/downloads_colecoes); (c) average annual rainfall between 1979 and 

2013 (source: http://chelsa-climate.org/downloads/); (d) annual average temperature between 
1979 and 2013 (source: http://chelsa-climate.org/downloads/); (e) NDVI average values between 
1981 and 2014 (source: https://e4ftl01.cr.usgs.gov/MEASURES/VIP30.004/); (f) annual average 

wind speed (source: http://www.cresesb.cepel.br/index.php?section=atlas_eolico); (g) 
predominant wind direction (source: 

http://www.cresesb.cepel.br/index.php?section=atlas_eolico); (h) digital elevation model (source: 
https://earthexplorer.usgs.gov/) 

In this physical-natural context, the predominant anthropic activities are plant 

extractivism and agriculture (Figure 5.1b), which are often exercised without proper 

land management. All these factors influence in land degradation and result in 

processes already occurring such as desertification (Marengo and Bernasconi, 

2015; Vieira et al., 2015; Tomasella et al., 2018). 

 

5.3. Methodological Steps and Database 

Table 5.1 shows the database used in this research. 

The methodology was divided into five steps (Figure 5.2): (a) collection and 

standardization of monthly rainfall data from January 1983 to December 2013 from 

different sources; (b) random selection of rainfall and meteorological stations for 

training and testing for further data evaluation; (c) performing interpolations using 

http://mapas.mma.gov.br/i3geo/datadownload.htm
http://www.sudene.gov.br/delimitacao-do-semiarido
http://www.sudene.gov.br/delimitacao-do-semiarido
http://www.sudene.gov.br/delimitacao-do-semiarido
https://mapbiomas.org/downloads_colecoes
http://chelsa-climate.org/downloads/
http://chelsa-climate.org/downloads/
https://e4ftl01.cr.usgs.gov/MEASURES/VIP30.004/
https://e4ftl01.cr.usgs.gov/MEASURES/VIP30.004/
http://www.cresesb.cepel.br/index.php?section=atlas_eolico
http://www.cresesb.cepel.br/index.php?section=atlas_eolico
http://www.cresesb.cepel.br/index.php?section=atlas_eolico
http://www.cresesb.cepel.br/index.php?section=atlas_eolico
https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
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different methods with the selected training stations; (d) interpolation results and 

geospatial products evaluation using specific statistical calculations, comparing 

with data from test stations; and (e) finally, standardization, interpretation and 

discussion of the results. 

Table 5.1  -  Database used in the research 

Data Source Description References 

Rainfall 

INMET 

Monthly data from January 
1983 to December 2013 ( 

360 months) from 102 
meteorological stations 

located inside and around 
the study area 

National Institute of meteorology 
http://www.inmet.gov.br/portal/ 

ANA 

Monthly data from January 
1983 to December 2013 
(360 months) from 458 
rainfall stations located 

inside and around the study 
area 

National water agency 
http://www.snirh.gov.br/hidroweb/ 

CHELSA 

Monthly data from January 
1983 to December 2013 

(360 months), represented 
by 360 images with spatial 

resolution of 0.008o 

Chelsa: Climatologies at high resolution 
for the earth's land surface 
http://chelsa-climate.org/ 

CHIRPS 

Monthly data from January 
1983 to December 2013 

(360 months), represented 
by 360 images with spatial 

resolution of 0.005o 

Chirps: Rainfall estimates from rain 
gauge and satellite observations 

https://www.chc.ucsb.edu/data/chirps/ 

PERSIANN-
CDR 

Monthly data from January 
1983 to December 2013 (360 
months), represented by 360 
images with spatial resolution 

of 0.25o 

Persiann: Precipitation estimation from 
remotely sensed information using 

artificial neural networks 
https://chrsdata.eng.uci.edu/ 

 

 
 

http://www.inmet.gov.br/portal/
http://www.snirh.gov.br/hidroweb/
http://chelsa-climate.org/
https://www.chc.ucsb.edu/data/chirps/
https://chrsdata.eng.uci.edu/
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Figure 5.2  –  Methodology f lowchart  

 

5.3.1. Database collection and standardization 

The collected data containing information regarding rain volumes (mm), in 

monthly scale, between January 1983 and December 2013, from five distinct 

sources. Data from ANA and INMET, federal agencies, are tabulated data (CSV file 

formats) measured at meteorological or rainfall stations, thus come from punctual 

spatial distributions. The ones from CHELSA, CHIRPS and PERSIANN-CDR are 

raster data (files in GeoTiff format), consequently, from continuous spatial 

distributions. 

The tabulated data were manipulated in Geographic Information System 

software using latitude and longitude information, in UTM format, present in the 

tables, allowing the spatial visualization of the stations inside and around the 

BSOL. The raster data have information of rain volumes for all continents, and for 

this study, the files were delimited as far as the stations are distributed. 

The choice of these three geospatial products (raster data) was based on 
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the following premises: (a) ease of access and obtaining; (b) consistency in 

temporal frequency (monthly); (c) data with different spatial resolutions; (d) data 

estimated from different methodologies; (e) adherence and/or diffusion of use by 

the scientific community, from the most (CHIRPS and PERSIANN) to the least 

(CHELSA) frequent. 

The tabulated data were spatialized from different interpolation methods. 

Four methods were used to estimate rainfall volumes, seeking to verify the 

performance of these regular interpolations in relation to the geospatial products 

mentioned above. The methods for preparing the three geospatial products will be 

detailed below. 

To interpolation methods used in this study, no other variables were added, 

using only the location of the training stations and the rainfall volume data 

contained in them to estimate precipitation values for areas without information. 

The only products containing additional variables to make estimates were CHELSA 

and CHIRPS, such as information from digital terrain model and global climate 

circulation model (Funk et al., 2015; Karger et al., 2017). 

 

5.3.2. Selection of training and test stations 

The original data set, the 560 stations selected for the study, were divided 

into two subsets, the training and the test sets. The first one was to model the 

spatial structure and produce a continuous surface, with spatial resolution of 0.05o, 

containing information of rain volumes from the interpolation methods. The second 

one was used to evaluate rain estimative, comparing the data measured in situ with 

those estimated by distinct methods. From those stations, 280 were selected for 

training and 280 for testing (50–50%). The selection was random with support of 

geoprocessing tools. 

 

5.3.3. Training data interpolation 

The interpolation methods applied were: Empirical Bayesian Kriging (EBK), 

Ordinary Kriging (KRIG) and Inverse Distance Weighted (IDW). The training 

stations data were used. Table 5.2 describes precisely each method. 

Two methods were used for Kriging, Ordinary and Bayesian. In the first one, 

the spherical function was chosen to fit the empirical semivariogram, as it is one of 
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the   most   used   in   climate   variables   interpolation (de Borges et al., 2016) and 

the one that showed the smallest estimation errors. The second is an interpolation 

method that explains the error in estimating the underlying semivariogram by 

repeated simulations. Unlike other kriging methods (which use weighted least 

squares), semivariogram parameters in EBK are esti- mated using restricted 

maximum likelihood (Krivoruchko, 2012). 

Table 5.2  –  Interpolation methods and characteristics 

Method Characteristics References 

EBK 

Geostatistical procedure that generates an estimated surface from a 
scattered set of points with Z values. It assumes that the distance or 
direction between the sample points reflects a spatial correlation that 
can be used to explain surface variation. Automates the most difficult 

aspects of building a valid kriging model. Automatically calculates 
parameters to receive accurate results and does not underestimate 

prediction standard errors by taking into accounting the uncertainties of 
estimates made by semivariograms 

Krivoruchko 
(2012) 

KRIG 

Geostatistical procedure that generates an estimated surface from a 
scattered set of points with Z values. It assumes that the distance or 
direction between the sample points reflects a spatial correlation that 

can be used to explain surface variation. Unlike EBK, it is necessary to 
know the spatial behaviour of the phenomenon before selecting the 
best estimation method, because the semivariogram, calculated by 
Ordinary Kriging using known data, is used to make estimates in 
unknown locations, assuming it is true, not taking into account 

uncertainties in semivariogram estimates and underestimating standard 
errors 

Krivoruchko 
(2012) 

 

IDW 

Deterministic interpolation that defines cell values using a linearly 
weighted combination of a set of sample points. This method assumes 

that the variable being mapped decreases in influence with the distance 
from its sampled location 

Childs 
(2004) 

 

IDW, a widely used method for interpolation of climate data, was applied using 

powers 1 and 2 (IDW1 and IDW2, respectively). The powers are inversely 

proportional to distance (between measured point data and the predicted location) 

increasing to the power value (p). As a result, according to distance increases, the 

weights decrease. The rate at which weights decrease depends on p value. If p = 

0, there is no decrease with distance and, as each weight is the same, the 

prediction will be the average of all data values in the vicinity. According to p value 

increasing, the weights for distant points decrease rapidly. If the p value is too high, 

only the immediate surrounding points will influence the prediction. 

Regarding the data from CHELSA, CHIRPS and PERSIANN-CDR, it was not 

necessary to apply the interpolation methods, since they are already spatially 

continuous data. Table 5.3 shows the description of each source aforementioned. 
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Table 5.3  –  Geospat ia l  ra infa l l  and i ts  character is t ics  

Method Characteristics References 

CHELSA 

Set of rainfall data that have estimates for all 
continents, generated from an algorithm (model 

output statistics) using data provided from the global 
climate circulation model reanalysis called European 
Center for Medium- Range Weather Forecast (ERA-

Interim) together with interpolated data from 
meteorological stations around the world. 

Incorporated to rainfall information are orographic 
predictors as altitude, slope, and relief exposure that 

are considered to estimate precipitation volumes 
(orographic rainfall). 

Karger et al. (2017) and 
(2018) 

CHIRPS 

Rainfall dataset estimated from three types of 
information: (a) monthly precipitation climate from 

CHPClim (climate hazard group precipitation 
climatology); (b) observations of thermal infrared 

sensor from Tropical Rainfall Measurement Mission 
(TRMM) geostationary satellite, specifically from 

product 3B42, from NOAA Climate Prediction 
Atmospheric Model; (c) in situ measurements of 

rainfall volumes from various stations, derived from 
national and regional meteorological services 

Funk et al. (2015) 

PERSIANN-
CDR 

An operating system that uses neural network 
function classification/ approximation procedures to 

calculate precipitation estimates of images from 
infrared longwave bands and visible colours 

provided by geostationary satellites. An adaptive 
training feature makes it easy to update network 
parameters whenever independent precipitation 

estimates are available. Does not use information 
from field stations 

https://chrsdata.eng.uci.edu/ 

 

CHIRPS uses different sources of information to estimate rainfall volumes, 

such as CHPclim, which is the monthly climatology for quasi-global rainfall, with a 

resolution of 0.05o. It is a raster product created using geospatial modelling based 

on moving window regressions and IDW interpolation method. This approach 

combines satellite data, physiographic indicators data contained in raster files and 

in situ weather conditions (meteorological stations) (Funk et al., 2015). 

So far, CHELSA products are similarly generated using data from the ERA-

Interim global climate circulation model in conjunction with interpolated data (Spline 

method) from meteorological stations around the world. It also incorporates 

information from orographic predictors, such as, altitude, slope, and exposure face 

of the relief to estimate precipitation values (orographic rain), producing raster data 

with a resolution of 0.008o (Karger et al., 2017). 

However, CHIRPS has adding information from the thermal infrared sensor 

from the TRMM geostationary satellite. Although global climate information 
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generation combining field station observations and physiographic predictors such 

as latitude, longitude, elevation and slope are important for estimating from these 

products to generate data close to those observed in situ, reasonably dense station 

networks are required which is not the reality of many countries, especially 

developing ones. The relationship between physiographic variables and target 

climate variables, such as precipitation, can be indirect and spatially complex, 

making estimates difficult through this approach. Satellite observations with infrared 

and microwave sensors, on the other hand, directly monitor earth's energy 

emissions. These emissions generally correspond physically to the location and 

intensity of precipitation, indicating more accurately occurrence locations (Funk et 

al., 2015). 

PERSIANN-CDR uses neural network function classification/approximation 

procedures to calculate precipitation estimates of longwave infrared bands and 

visible colour images provided by geostationary satellites, generating raster data 

containing rainfall volume information with a resolution of 0.25o 

(http://chrs.web.uci.edu/SP_ activities00.php). It also uses the infrared spectrum to 

estimate precipitation occurrences, but does not measure such estimates with field 

stations and does not enter physiographic information to improve estimates, such 

as CHELSA or CHIRPS. 

 

5.3.4. Evaluation with test stations 

Training stations interpolations (EBK, KRIG, IDW1 and IDW2) and geospatial 

products (CHELSA, CHIRPS and PERSIANN-CDR) were evaluated with data from 

test stations with aid of statistical methods. Table 5.4 shows the metrics used. 

The use of NSE and R helps to interpret the modelled data fit level compared 

to the measured ones, that is, for both seasonal variations (intra-annual) and long-

term changes (interannual). The RMSE assists in the measurement of rain volume 

deviations between the measurement point and the modelling. The fact that RMSE 

aggregates several magnitudes of errors and highlights larger errors of simulations 

(Chai and Draxler, 2014), led to its choice, in order to show discrepancies in 

precipitation volumes of geospatial products (grids) in relation to stations in the 

field. 
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Table 5.4  –  Stat is t ics  used in the assessment  

Statistics Description References 

Pearson 
coefficient (R) 

It is a measure of the linear association between two variables. 
Correlation coefficient values range from −1 to +1. Positive 
values indicate the tendency of one variable to increase or 
decrease together with another. Negative values indicate a 

tendency for increasing values of one variable to be associated 
with decreasing values of the other and vice versa. Values 

close to zero indicate low association between variables and 
values close to −1 or +1 indicate strong linear association 

between both 

Kirch (2008) 

Nash Sutcliffe 
Model Efficient 

Coefficient 
(NSE) 

Normalized statistic that determines the relative magnitude of 
the residual variance compared to the measured data 

variance. Indicates how well the observed data is compatible 
with the simulated ones. NSE = 1 corresponds to a perfect 

model and observed data match; NSE = 0 indicates that the 
model predictions are as accurate as the observed data 

average; −∞ < NSE <0, indicates that the observed mean is a 
better predictor than the model 

Nash and 
Sutcliffe 
(1970) 

Root mean 
square error 

(RMSE) 

Frequently used to measure the difference between the values 
predicted by a model and the values actually observed in situ. 

Such values are evaluated on absolute scales, in the same 
units used by the compared values. These individual 

differences are also called residuals, and RMSE serves to 
aggregate them into a single measure of predictive power. 

Briefly, it compares predicted to observed or known values. As 
closer as to 0, better it fits between the data 

Chai and 
Draxler (2014) 

 

5.3.5. Standardization of results 

The results of the statistical analyses were standardized in graphical and 

map formats, seeking to show the difference in the results achieved for each 

method of estimating rainfall. The graphs show the averages of results for each 

metrics used considering all test stations, in addition to the standard deviations. On 

maps, results of the metrics are displayed for each test station, reclassified in 

certain value ranges, aiming to show the performance of each method in a spatial 

view. 

We intended to show, in the first case (graphs), the results considering all 

stations, evaluating the methods, and, in the second case (maps), to check where 

the points (test stations) showed best and worse results for each method and then 

discuss why these spatial configurations. 

 

5.4. Results 

For each method used to estimate the spatiotemporal distribution of rainfall 

volumes, considering the 280 test stations, the one that presented the best results 

during the three statistical analyses used was the CHIRPS (Figures 5.3–5.5). This 
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method presented the smallest amplitudes between test stations for the three 

metrics used, showing lower variability and greater accuracy in relation to the other 

estimates, as shown by the standard deviations (red bars) in graphs. 

The low standard deviations result from the high minimum and maximum 

values in NSE and R and the low maximum and minimum values in RMSE. This 

results in NSE and R averages closer to one, indicating that the estimated CHIRPS 

values have seasonal (intra- annual) and long-term (inter-annual) behaviours more 

compatible with those measured in situ by field stations (Figures 5.3 and 5.4). The 

same is true for the average RMSE closest to zero, indicating the smallest 

deviations from the observed data (Figure 5.5). CHIRPS was the method with 

largest number of test stations presenting the highest value ranges of the metrics 

used (Table 5.5). 

In contrast, PERSIANN and CHELSA had the worst performances, 

respectively, with more test stations in lower ranges of values in NSE and R, and 

the highest ranges of values in RMSE (Table 5.5). Because of this, both have the 

lowest averages in NSE and R, and the highest in RMSE (Figures 5.3–5.5). 

Together with EBK, KRIG, IDW1 and IDW2, PERSIANN and CHELSA obtained 

performances with high variations between the test stations, as shown by the 

standard deviations, showing less spatial consistency in the results. 

The CHIRPS demonstrated greater consistency in the results, with the 

exception of a few test stations, showing that it is a method little influenced in 

estimates of rainfall due to spatial variations caused, for example, by the relief, 

such as altimetric differences, slope orientation, among others. 

On the contrary, the other methods of estimating rainfall performed differently 

over space. Regardless of the magnitude of inconsistencies in performance 

between test stations, from low to large (EBK, IDW2, KRIG, IDW1, CHELSA and 

PERSIANN, respectively), all these methods had greater difficulties in estimating in 

the eastern band of BSOL. CHIRPS also obtained lower performances in test 

stations located in this band; however, it was superior to the other methods. 

The best performances of CHIRPS, including test stations located in the 

eastern band of BSOL, may be due to the characteristics of this rain estimation 

method, as will be discussed in the next session. 
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Figure 5.3  -  Performance of the different methods by NSE. The value ranges are 

represented by coloured circles, showing the performance of each method over the test 

stations at BSOL. The graph shows the average NSE values for the 280 test stations (blue 

bars) for the seven evaluated methods, in addition to the standard deviations (red bars). The 

dotted lines represent the mean value (black), the minimum standard deviation (orange) and 

the maximum standard deviation (green) for CHIRPS 
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Figure 5.4  -  Performance of the different methods by R. The value ranges are represented 

by coloured circles, showing the performance of each method over the test stations at BSOL. 

The graph shows the average R values for the 280 test stations (blue bars) for the seven 

evaluated methods, in addition to the standard deviations (red bars). The dotted lines 

represent the mean value (black), the minimum standard deviation (orange) and the 

maximum standard deviation (green) for CHIRPS 
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Figure 5.5 - Performance of the different methods by RMSE (absolute values, in mm). The 

value ranges are represented by coloured circles, showing the performance of each method 

over the test stations at BSOL. The graph shows the average RMSE values for the 280 test 

stations (blue bars) for the seven evaluated methods, in addition to the standard deviations 

(red bars). The dotted lines represent the mean value (black), the minimum standard 

deviation (green) and the maximum standard deviation (orange) for CHIRPS 
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Table 5.5  –  Number  o f test  s tat ions,  for  each ra in est imat ion method,  

according to the range of  va lues of  metr ics  used  

Statistics Range of 
values 

Rain estimation methods 
CHIRPS CHELSA PERSIANN EBK KRIG IDW1 IDW2 

NSE 

< 0 2 20 28 10 13 11 12 
0 – 0.25 3 14 23 7 7 8 7 

0.25 – 0.5 6 35 39 17 19 28 22 
0.5 – 0.75 78 124 23 101 108 123 98 

> 0.75 191 87 23 145 133 110 141 

R 

< 0.5 2 1 12 2 4 3 4 
0.5 – 0.6 0 5 16 2 2 2 1 
0.6 – 0.7 2 22 25 7 9 5 6 
0.7 – 0.8 14 54 33 25 31 40 31 

> 0.9 262 198 194 244 234 230 238 

RMSE 

> 100 3 9 14 9 7 9 7 
80 – 100 4 4 16 8 10 12 10 
60 – 80 16 53 41 22 21 14 18 
40 – 60 65 141 135 101 116 140 115 

< 40 192 73 74 140 126 105 130 
 

5.5. Discussion 

In the present study, was observed that the test stations located in the 

eastern band of the BSOL, near the coastal areas, had lower performance 

according to the statistical analysis results than those in the interior of the conti- 

nent. In the eastern side, the topography is irregular from north to south, where the 

orientation of the relief slopes is mostly facing east (41%). In addition, the prevailing 

wind direction in this range comes from east to west (Silva et al., 2002; 2004), 

meeting the hillside of the north- east topographic complex. These winds, coming 

from the ocean and laden with moisture, when they meet in the higher areas near 

the shoreline, influence the formation of orographic windward rain, and, according to 

those winds enters in continental area, it loses moisture, resulting in drier leeward 

areas (Conti, 2005). 

Test stations located in the eastern band, both wind- ward (more humidity) 

and leeward (lower humidity), obtained results in the statistical analyses lower than 

the ones located in the central and western bands. Therefore, unlike the results 

achieved by Paredes-Trejo et al. (2017), whether in dry or humid areas, the results 

indicate that rain estimation methods are less effective, suggesting that in areas 

where the topography is more complex, especially in the eastern BSOL band, the 

methods have higher difficulties in estimating rainfall volumes, regardless the 

stations are located at leeward or windward. Some studies have already 

demonstrated this fact, which has found that in areas where convec- tive orographic 
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rain, very cold surfaces and ice on mountain tops tend to result in disparate 

estimates of what happens in situ (Dinku et al., 2008; 2011; Rahman et al., 2009; 

Toté et al., 2015). 

Rain estimates from interpolation methods also pro- duce uneven results 

from those observed in situ in com- plex terrain areas, especially simpler methods, 

in which no other variables such as relief are added to the analysis. Methods that do 

so usually reach estimates closer to those measured by stations (Diodato, 2005; 

Diodato and Ceccarelli, 2005; Tobin et al., 2011). 

Despite the addition of information, CHELSA did not perform better than other 

interpolation methods, whether geostatistical or deterministic. In general, the 

efficiency was lower than EBK, KRIG, IDW1 and IDW2, presenting worse 

performances in more test stations throughout the BSOL territory, mainly in the east. 

Although all the methods in this study had worse per- formance in test 

stations located in complex topography areas, in east band of BSOL, CHIRPS was 

the one that presented the best results, even in places of greatest diffi- culty in 

estimating the rain volumes. 

Thus, there is evidence from the results generated in this study that the 

differential of CHIRPS better performance, when compared to other geospatial 

products and regular interpolation methods, is the integration of vari- ous 

information sources, coming from field stations, physiographic predictors and 

satellite sensor estimates, sources not fully used in other precipitation estimation 

methods (Table 5.6). 

Some studies show that CHIRPS has a better perfor- mance in semiarid 

areas when compared to other geospatial products. In Xinjiang, China, CHIRPS and 

PERSIANN-CDR were evaluated using data from 105 meteorological stations at 

various time and space scales (Gao et al., 2018). Although both products have 

similar correlations, the first one's BIAS and RMSE are better than the second one, 

with smaller deviations. In terms of long evaluation periods, CHIRPS presents 

higher accuracy with observations measured monthly and annual frequency, while 

PERSIANN-CDR tends to over- estimate rainfall in rainy seasons. In addition, 

compared to PERSIANN-CDR, the results show that CHIRPS is more accurate in 

reflecting the spatial distribution of monthly and annual average rainfall. 

 

 



35 
 
 

 

Table 5.6  –  Types of  data used for  ra infal l  est imates for  each method  

Method Use of field station 
data 

Use of satellite infrared 
sensors 

Use of physiographic 
predictors 

CHIRPS ✓ ✓ ✓ 
CHELSA ✓  ✓ 

PERSIANN-CDR  ✓  
EBK ✓   
KRIG ✓   
IDW1 ✓   
IDW2 ✓   

 

In another study (Babaousmail et al., 2019), CHIRPS was evaluated with 

NOAA CPC Morphing Technique (CMORPH) in Algeria. The evaluation was 

conducted over a 19-year period, ranging from 1998 to 2016, using 20 rainfall data 

sets. The study area was divided into five regions (zones) according to the Köppen 

climate classification. In monthly time scale, CHIRPS had the best performance (r = 

.9), while CMORPH had a relatively weaker but good correlation (r = .83). On an 

annual timescale, CHIRPS perform better in some regions, and CMORPH shows 

better results in others. 

In Ethiopia (Bayissa et al., 2017), CHIRPS was evalu- ated with four other 

products, including PERSIANN-CDR, between 1998 and 2015 using data from 10 

meteorological stations. Evaluation results of these satellite precipitation products 

shows that there is a good correlation (r > .7) of CHIRPS and African Rainfall 

Climatology and Time-Series (TARCAT) products with in situ observations at most 

meteorological stations for all the time scales evaluated. TARCAT showed a higher 

correlation coefficient (r > 0.70) in seven meteorological stations on a decadal time 

scale (10 days), while CHIRPS showed a higher correlation coef- ficient (r > .84) in 

nine meteorological stations on monthly time scale. TARCAT performed well near 

CHIRPS, while PERSIANN-CDR performed poorly on all criteria. 

CHELSA is a geospatial product that still not com- monly used in scientific 

studies, being the focus of bio- geographic research (Castro-Pena et al., 2017; 

Dvorský et al., 2017; Maria and Udo, 2017; Guo et al., 2018; Moradi and Oldeland, 

2019). Comparative or evaluative studies of other products to CHELSA are difficult 

to find, being Karger et al. (2017) the only one found so far and structured by the 

database organizers themselves. 

There are other geospatial products, generated from different rainfall 

estimation methods that could be evalu- ated for BSOL that were not considered in 
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this research. In addition, other time scales, such as daily, could also be evaluated. 

But our research is not intended to close the discussion about the best method to 

estimate rainfall to the BSOL region in all circumstances. 

What was done in this work was an effort to under- stand how different 

methods perform in rainfall esti- mates, and how different sources of information can 

make a difference in these estimates. Therefore, the focus on three geospatial 

products elaborated in different ways and the inclusion of regular interpolation 

methods usu- ally used in rainfall spatialization data, to verify whether the inclusion 

of new sources of information really makes a difference in estimates, improving 

them. Consequently, we recommend CHIRPS as a method to estimate monthly 

rainfall to almost the entire BSOL area, only excluding the region near the coast. 

 

5.6. Conclusions 

Overall, CHIRPS had the best performance in estimating rainfall volumes 

when compared to data from field sta- tions used as a test for product evaluation. 

From the results obtained there is evidence that the best performance is due to 

incorporation of several distinct data sources from field stations, geostationary 

satellite infrared sensor estimates and physiographic predictors. Information not fully 

present in other products. Thus, CHIRPS, for studies that use long-term monthly 

data, would be the best information choice on rainfall volumes for the Brazilian 

semiarid, although further studies are needed to assess other data and scales. 

All methods had worse performance in the eastern band of BSOL, an area 

that receives moisture from the Atlantic Ocean and has complex terrain, due to the 

set of mountains located on the topographic complex of the northeast coast of 

Brazil. There is no novelty, as previous studies show. Rainfall estimation methods 

tend to be less effective in areas of complex topography, such as the Swiss Alps 

and mountainous regions in Italy. 
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6. PAPER 2: LAND COVER CHANGES IMPLICATIONS IN ENERGY FLOW AND 

WATER CYCLE IN SÃO FRANCISCO BASIN, BRAZIL, OVER THE PAST SEVEN 

DECADES2 

 

Abstract: This research aimed to quantify and qualify alterations in land cover and 

verify the implications of these modifications for variables related to energy flows and 

water cycle in São Francisco basin (SFB), located entirely in Brazilian territory, in the 

second half of the 20th century and beginning of the 21st. For this, statistical 

analyzes (descriptive, trends, seasonal and correlations) were used to quantify 

changes in the variables of land cover and energy/water flows, in addition to relating 

them. As a result, it was found that the SFB lost 65,680 km² of native vegetation 

(10.4% of basin area) to crops and pastures, reducing water infiltration (-52%) while 

the rains remained stable (-2%). Water loss increased through evapotranspiration 

(+5%) and surface runoff (+225%). Such changes in the water cycle have entailed an 

11% reduction in São Francisco River long term flow rate (Q95), comparing pre and 

post-1990s period. In SFB, the activities that required water, such as farming 

activities, are those that promote hydric loss. 

 

Keywords: Correlation; Flow Rate; Rainfall; Trend Analysis; Water Balance; Water 

Loss. 
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6.1. Introduction 

Investigating Earth's energy and water cycles is essential to understand global 

climate dynamics and how it impacts and is influenced by human actions (Seyoum 

and Milewski, 2017; Umair et al., 2019). The terrestrial climate is susceptible to 

radiation flows, both those of short-wave originating from solar activities and those of 

long-wave from solar rays’ irradiation on the planet's surface (Mokhtari et al., 2018; 

Yan et al., 2020; Yang et al., 2017). 

In addition to the intensity of solar activities, the balance of terrestrial radiation 

will depend on atmosphere composition, land cover, relief, and the amount of surface 

water present in the upper lithosphere (Jiang et al., 2021; Mokhtari et al., 2018; Yan 

et al., 2020). It is already known, therefore, that the energy flux on Earth will depend 

on the interaction between its various spheres (Atmosphere, Lithosphere, 

Hydrosphere and Biosphere). It is also known that man, nowadays, can influence 

these different spheres, changing energy and water flows among them, with their 

actions that change land cover and atmosphere chemical composition (Rodell et al., 

2004; Umair et al., 2019). 

Precipitated water will be distinguished into two main categories (Umair et al., 

2019): i) first is the demand for water required by the atmosphere, called potential 

evapotranspiration, which will convert part of the water present in the lithosphere, 

hydrosphere and biosphere into real evapotranspiration, not always reaching the total 

potential demand, as there is dependence on the amount of water present in the 

environment (Jiang et al., 2021); ii) second is the surface and subsurface runoff, 

which the balance between these will depend on relief, soils type, land cover, human 

activities and atmospheric water demand (Ala-aho et al., 2017; Umair et al., 2019). 

About 67% of the precipitated water across the globe is converted to moisture into 

the atmosphere by evapotranspiration (Umair et al., 2019). 

Although the planet has its dynamics in terms of energy and water flows, 

human beings, mainly after the industrial revolution (Lindsey, 2009), begin to 

participate in these complex cycles more significantly. Its activities, such as 

deforestation, irrigation, urbanization, mining, among others, are vectors of changes 

in terrestrial land cover and atmospheric chemical composition. In turn, they directly 

influence energy flows, altering the radiation balance and, consequently, the heat 

flow (sensitive and latent), which in turn will influence and modify the planet's surface 
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temperature and cause changes in water exchanges between surface and 

atmosphere (Das et al., 2018; Umair et al., 2019). 

To understand these complex interactions between the terrestrial spheres, 

initiatives emerged, such as the Land Data Assimilation System (LDAS) 

(https://ldas.gsfc.nasa.gov/). This is developed by the Hydrological Sciences 

Laboratory of the Goddard Space Flight Center belonging to the National Aeronautics 

and Space Administration (NASA). With numerical models use, physical processes 

inherent in the interactions between Earth's surface and atmosphere are modeled 

from data collected in the field and by orbital images. 

From the results, several LDAS projects were developed, which are the Global 

Land Data Assimilation System (GLDAS), the North American Land Data 

Assimilation System (NLDAS), the National Climate Assessment - Land Data 

Assimilation System (NCA-LDAS) and the Famine Early Warning System Network 

(FEWS NET) Land Data Assimilation System (FLDAS). All of these projects have in 

common the study and understanding of energy and water terrestrial fluxes, but with 

different areas and technical specifications with the database used, according to the 

regional reality. 

The use of information generated by models like as LDAS program helps in 

water resources management, as it is possible to carry out monitoring of drought 

events, numerical studies of the weather forecast and scientific investigations of 

water and energy flows (Rodell et al., 2004). Without the application of such models, 

it would be even more difficult and costly to monitor energy and humidity dynamics 

with frequent periodicity and adequate geographic scale (Mokhtari et al., 2018; Yang 

et al., 2017). 

Several studies have been carried out based on data generated by LDAS, as 

the impacts caused by changes in land use and land cover on surface runoff and 

energy flows, under different climatic conditions, in East Asia (Umair et al., 2019), or 

to measure water consumption in irrigating crops in agricultural areas in China (Yin et 

al., 2020). In addition to these, others used data from LDAS to investigate what are 

the climatic forces associated with occurrences of droughts and wet periods across 

the planet (Yuan et al., 2019). There are several other examples of studies, which 

can be found on LDAS website. 

In this context, the objective of this research is to identify and measure 

changes in the energy flow and water cycle in São Francisco Basin (SFB) in the 

https://ldas.gsfc.nasa.gov/
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second half of the 20th century and the first two decades of the 21st, and verifying 

the implications of land cover modifications, caused by human activities in the last 

four decades, in changes caused in these cycles’ dynamics. Although studies have 

already been carried out for the basin in this sense, there are still certain gaps 

concerning changes in the inlet and outlet of water and energy, alterations that have 

been influenced by human activities. 

The most recent SFB studies dealing with the water cycle focus on issues 

related to water availability and demand. Sun et al. (2016) identified a loss rate of 3.3 

km³ of water per year over 13 years of assessment (between 2002 and 2015), 

caused mainly by the drought that started in 2012 and ended in 2017, which resulted 

in a loss rate of 27.63 km³ between 2012 and 2015. In this study, data on 

precipitation and stored water present on the earth's surface were used, and the 

influence of the El Niño phenomenon on drought period occurrence. 

In another research, by Koch et al. (2015), water availability and demand were 

assessed under two scenarios: i) a regionalized world with slow economic 

development, high population growth and little awareness of environmental 

problems; ii) a globalized world with low population growth, high growth in Gross 

National Product (GNP) and environmental sustainability, also adding climate change 

scenarios to both. As a result, they found that between 2021 and 2050 the basin will 

be wetter, with more intense rainy and dry periods, and increased water availability 

for irrigation and a drop in electricity generation. 

In addition to these, some other studies highlight that hydroelectric energy 

production may cease in this first half of the 21st century in drought periods (de Jong 

et al., 2018). Also the prices of agricultural products generated in SFB will be 

affected, which will depend on climate change, the production location, variety of 

products and production technology (Torres et al., 2012). It is as well estimated that 

economic values of water for use in irrigation tend to increase in the coming decades 

(Alcoforado de Moraes et al., 2018). 

Although they are important researches, none of them deal with implications 

that changes in land cover, having as vectors the anthropic activities, cause in the 

energy flows and water cycle in SFB, a theme that will be the focus of this research. 
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6.2. Materials and Methods 

The stages of this research were organized as follows (Figure 1): i) study area 

determination; ii) definition of variables to be studied; iii) statistical analysis of the 

variables defined in study area over the available historical series; iv) spatiotemporal 

analysis of the studied variables; v) evaluation of impacts on the water availability in 

São Francisco River caused by changes in the studied variables. 

 
Figure 6.1 – Methodological flowchart 

6.2.1. Study Area 

The São Francisco Basin (SFB) (Figure 2) is located in the Northeast and 

North of the Southeast of Brazil, with an area of 630,000 km² and with its main river 

running 3,200 km from the source, in the State of Minas Gerais, at its mouth, on the 

border of the States of Alagoas and Sergipe, flowing into South Atlantic Ocean 

(Bezerra et al., 2019; de Jong et al., 2018). It is between the latitudes of 21º and 7º 

South, with climatic characteristics, according to the revised classification of 

Thornthwaite (Feddema, 2005), ranging from humid and wet sub-humid types 
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between latitudes 21º and 10º South (29% of basin area), until dry sub-humid, semi-

arid and arid types between latitudes 17º and 7º South (71%). 

 
Figure 6.2 – Study area location 
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In humid and wet sub-humid areas, south and southwest of basin, 

temperatures reach an average of 20ºC (Torres et al., 2012), with potential 

evapotranspiration ranging from 1,241 to 4,344 mm/year, with an average of 2,300 

mm/year (Beaudoing and Rodell, 2019), and rains precipitate an average of 1,500 to 

2,000 mm/year (Koch et al., 2015; Sun et al., 2016). In dry sub-humid, semi-arid and 

arid areas, north and northeast of basin, temperatures reach an average of 26.5ºC 

(Torres et al., 2012), with potential evapotranspiration ranging from 1,533 to 5,110 

mm/year, with an average of 2,884 mm/year (Beaudoing and Rodell, 2019), and 

rainfall precipitates an average of 350 mm/year (Koch et al., 2015; Sun et al., 2016). 

Precipitation in humid and wet sub-humid areas is mainly associated with the 

South Atlantic Convergence Zone (SACZ) that operates in the southeastern region of 

Brazil and southwestern Bahia during the summer (between October and March) 

(Torres et al., 2012). In the dry sub-humid, semi-arid and arid areas, rains are 

concentrated during the months of March and April, caused mainly by action of the 

Intertropical Convergence Zone (ITCZ), which acts more intensely in this period due 

to weakening of the inter-hemispheric south gradient of sea surface temperature, 

which allows ITCZ to reach regions further south. In the rest of the year, there is a 

strong presence of a high-level cyclone over the Amazon, which inhibits rains 

formations in the region and favors dry weather conditions, which is often enhanced 

by strong El Niño events. 

The humid and wet sub-humid areas cover almost all the sub-regions of Upper 

São Francisco and western part of the Middle. The main river has its contribution 

mainly from these areas, which were responsible for 93%, between 1951 and 1999, 

of total permanence flow curves (Q95). That is, approximately 43% of basin was 

responsible for maintaining flow rate that flowed through the riverbed 95% of the 

time. The other 57%, corresponding to the sub-regions of Low, Lower-Middle, and 

eastern part of the Middle São Francisco, which are mostly covered by dry sub-

humid, semi-arid and arid areas, contributed with remaining 7% of Q95 (Pereira et al., 

2007; Pruski et al., 2004). This showing the importance of the areas closest to its 

source for maintenance of main river. 

São Francisco has an average flow rate of 2,850 m³/s, ranging from 1,077 to 

5,290 m³/s (Bezerra et al., 2019), with a permanence flow curve (Q95) of 800.4 m³/s 

(Pereira et al., 2007; Pruski et al., 2004). It comes from 70% of the surface waters of 

entire Northeast region of Brazil (Torres et al., 2012), which has a population of over 
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53 million people, approximately a quarter of the Brazilian population. Besides, 

hydroelectric system of this river normally meets 70% of the demand for electricity in 

Northeast region (de Jong et al., 2018). 

In relation to groundwater, the Urucuia Aquifer System (UAS) is the most 

important for the SFB, responsible for approximately 35% of the São Francisco 

average flow recharge. During dry periods, the UAS is responsible for 80 to 90% of 

the São Francisco recharge, that is, it is essential to streamflow maintenance 

(Gonçalves et al., 2020). 

The SFB has several geological formations, with a wide range of ages, from 

older rocks (Eoarchean – 3.6 billion years) occurring in a localized manner, to more 

recent ones (less than 65 million years), covering the entire basin area. Outcrops of 

sedimentary rocks predominate (69% of the territory), and in 26% of the basin there 

are outcrops of metamorphic, metasedimentary and metaigneous rocks, and 5% 

correspond to igneous rocks (CBHSF, 2016). 

In the detrital and carbonated sedimentary lands there is high hydrogeological 

favorability (17% of the basin), highlighting the sedimentary lands of the Urucuia 

Group. In 47% of the SFB there are variable favorabilities, associated with the 

significant diversity of terrains and their respective permeability conditions, acquiring 

particular expression in the Upper and Middle São Francisco (CBHSF, 2016). 

In terms of geomorphology, approximately half of the basin is the 

morphostructural domain of the Neoproterozoic Cratons, in particular the São 

Francisco Craton, in which the Phanerozoic basins and sedimentary covers are 

developed over the crystalline basement rocks. The only region of the SFB that does 

not cover the Neoproterozoic Cratons is the Lower São Francisco, where the 

Neoproterozoic Mobile Belts are predominant (CBHSF, 2016; Donzé et al., 2020). 

Added to theses hydrological and geological conditions, the basin has 

vegetations of Cerrado types (Savannah Formation) with a great diversity of tree 

vegetations (Forest Formation) in  Upper and western sub-region of Middle São 

Francisco, as well as the vegetation of Caatinga biome, which is widely spaced and 

smaller, associated with drier and hotter climate in Low, Lower-Middle and east of 

Middle São Francisco (Creech et al., 2015). 

Land use is predominantly agricultural, with crops (46%) and pastures (41%) 

dominating the land cover in basin. Aside from, there are remnants of large and 

medium-sized tree vegetation, urban areas, mining, among others. The main 
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agricultural production is soy, with other major crops such as corn, wheat and cotton, 

in addition to important fruit centers (Juazeiro and Petrolina) (Correia et al., 2001) 

and family farming throughout the basin. Vegetations, crops and pastures are on 

soils of latosol (41% of the basin), podzols (11%), sandy soils (10%) and cambisols 

(7%) (Alcoforado de Moraes et al., 2018; Creech et al., 2015; Torres et al., 2012). 

Covering approximately 7.5% of the Brazilian territory, SFB has a population 

of over 17 million people (8% of Brazilian population), 21% of which are considered 

poor by the country's standards (Sun et al., 2016). Due to population growth and the 

demand for food, water, jobs and services, the municipalities in basin have had 

satisfactory socio-economic development in recent decades, but at the cost of natural 

resources, mainly native vegetation, soil and water, relative with deforestation 

problems, desertification, water scarcity, pollution and water bodies silting up (Creech 

et al., 2015; de Jong et al., 2018; Koch et al., 2015). 

From the above, it is clear that SFB has significant physical-natural and 

socioeconomic diversity, which are dynamic in space and time. Due to these factors, 

the basin was defined as a study area precisely because of its dynamics and 

diversity related to environmental and human aspects, which interfere with each 

other. The choice focused on dynamics pertinent to energy and water cycles, which 

are affected by the basin's socio-economic activities, but also affect them. The option 

for the area is also linked to the fact that the basin has one of the main rivers in 

Brazil, entirely within the national territory, which passes through the driest region 

and one of the poorest in the country. The river has great national importance due to 

its strong potential for economic use, mainly linked to agricultural activities, irrigation, 

public supply, navigation and generation of electric energy, but has been under 

strong pressure exactly by exploration of these same activities. 

 

6.2.2. Variables Definition 

The variables defined in this research were those related to the energy flow 

and water cycle in SFB, as well as those that can interfere in these cycles, referring 

to land use and land cover (LULC), in addition to the minimum, average and 

maximum flows rate of São Francisco river (Table 1). The Global Land Data 

Assimilation System (GLDAS) database units have been converted, as suggested on 

Land Data Assimilation System website (https://ldas.gsfc.nasa.gov/faq/ldas), for 

better comparison between variables. 

https://ldas.gsfc.nasa.gov/faq/ldas
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Table 6.1 - Database used 
GLDAS (1948 - 2019) 

[https://ldas.gsfc.nasa.gov/gldas] 
Dataset 

Units 
Converted 

Units 
Swnet Shortwave Radiation Flow W/m² W/m² 
Lwnet Long Wave Radiation Flow W/m² W/m² 

Qh Sensitive Heat Flow W/m² W/m² 
Qle Latent Heat Flow W/m² W/m² 

Rainf Rainfall Rate Kg/m²/s mm 
AvgSurfT Average Surface Temperature K ºC 
PotEvap Potential Evapotranspiration W/m² mm 

Evap Real Evapotranspiration Kg/m²/s mm 
Tveg Vegetation Transpiration  W/m² mm 

Ecanop Direct Evaporation of Plants Canopy W/m² mm 
Esoil Direct Evaporation of Bare Soil W/m² mm 

Canint Moisture in Plants Canopy Kg/m² mm 
RootMoist Root Zone Soil Moisture Kg/m² mm 

Qs Surface Runoff Kg/m²/3h mm 
Qsb Subsurface Runoff Kg/m²/3h mm 

MapBiomas (1985 - 2018) 
[https://mapbiomas.org/] 

Dataset 
Units 

Converted 
Units 

LULC Lan Use and Land Cover - - 
MEaSUREs 

[https://lpdaac.usgs.gov/data/get-started-data/collection-
overview/measures/] 

Dataset 
Units 

Converted 
Units 

VCF 

Tree 
Cover 

Percent Tree Cover (1982 - 2014) % % 

Non-
Tree 

Cover 
Percent Non-Tree Cover (1982 - 2014) % % 

Bare 
Ground 

Percent Bare Ground (1982 - 2014) % % 

VIP NDVI 
Normalized Difference Vegetation Index 

(1981 - 2019) - - 

ANA (1928 - 2019) 
[http://www.snirh.gov.br/hidroweb/] 

Dataset 
Units 

Converted 
Units 

Flow Rate 
Minimum, Average and Maximum Flows 

Rate m³/s m³/s 

 

GLDAS is a program from the National Aeronautics and Space Administration 

(NASA) in which observational data from orbital images and information collected in 

the field are used to model the dynamics of terrestrial phenomena linked to energy 

flow and the water cycle of the planet Earth. Produces results almost in real-time, 

with resolutions that vary between 2.5º and 1 km, with historical series between 1948 

until today with periodic update (Beaudoing and Rodell, 2019; Rodell et al., 2004). 
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The data used in GLDAS contains relief information, soil types, vegetation and 

atmospheric variables such as rain and radiation flows. Data assimilation techniques 

are employed to incorporate hydrological products based on satellite sensor imaging 

that include snow cover and water equivalent, soil moisture, surface temperature and 

leaf area indexes (Beaudoing and Rodell, 2019; Rodell et al., 2004). 

Although the use of this database is still scarce for hydrological studies in the 

SFB, those that used it (Paredes-Trejo et al., 2021; Sun et al., 2016) obtained results 

consistent with other databases from remote sensing already validated, such as the 

Tropical Rainfall Measuring Mission (TRMM). Both studies identified similar trends 

related to hydrological dynamics, consistent with meteorological events related to 

such trends. 

The Annual Mapping of Land Use and Land Cover in Brazil (MapBiomas) 

(Souza et al., 2020) is a collaborative network with specialists in Brazilian biomes, 

land uses, remote sensing, geographic information systems and computer science, 

which uses cloud processing and automatic classifiers (Random Forest) developed 

and operated from Google Earth Engine platform. Since its foundation (2015) it has 

been generating an annual historical series of LULC maps for the whole of Brazil 

(1985 to 2018 - Collection 4.1), with a spatial resolution of 30 meters using the series 

of images from Landsat sensors. 

The program Making Earth System Data Records for Use in Research 

Environments (MEaSUREs), from NASA’s Land Processes Distributed Active Archive 

Center (LP DACC), is dedicated to the advancement of remote sensing and the 

scientific use of measurements from satellite sensors to expand the understanding of 

terrestrial system, with production and recording of consistent, high quality and long-

term data. Among several databases, those used in this research were the 

Vegetation Continuous Fields (VCF) (Hansen and Song, 2018) and the Vegetation 

Index and Phenology (VIP) (Didan and Barreto, 2016). The first is a collection that 

provides global vegetation information from the Advanced Very High-Resolution 

Radiometer (AVHRR) long-term records between 1982 and 2014, annually, with a 

spatial resolution of 5,600 m containing information on the percentage of tree 

vegetation cover, non-tree vegetation cover and bare ground. The second is another 

collection containing a monthly historical series from 1981 to 2019, of vegetation and 

landscape phenology indexes, based on data from the Moderate-Resolution Imaging 
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Spectroradiometer (MODIS), AVHRR and Satellite Pour l'Observation de la Terre 

(SPOT), also with a spatial resolution of 5,600 m. 

The Hidroweb Portal (http://www.snirh.gov.br/hidroweb/) is a Brazilian tool that 

is part of the National Water Resources Information System (SNIRH, acronym in 

Portuguese) and offers access to database that contains all information collected by 

the National Hydrometeorological Network (RHN, acronym in Portuguese), which 

gathers data on flows rate, river height, rainfall, climatology, sediment and water 

quality. The data used come from conventional fluviometric stations with codes 

45298000 (14.3º S and 43.76º W) and 49705000 (10.21 S and 38.82 W), with 

historical series of daily and monthly frequencies between 1928-2019 and 1959-

2019, respectively. The use of these two stations is better detailed in item 3.1, as the 

choice of both was defined based on some results of this research. 

 

6.2.3. Statistical Analysis 

The statistical procedures were broken down into three stages: i) first 

performed on variables related to energy flow and water cycle; ii) later on variables 

related to LULC; iii) and, finally, in the variables related to São Francisco river flow 

rate and its correlations with the analysis of the previous data. 

 

6.2.3.1. Statistical analysis on variables related to energy and water cycles 

First, the Mann-Kendall test (MK tau) was performed on variables related to 

energy flow and water cycle, from GLDAS database, monthly, between January 1948 

and December 2019. 

This first analysis aimed to verify the spatiotemporal behavior of the variables 

and to search for different trend patterns throughout SFB in the mappings made by 

the test, pixel by pixel, using the Series Trend tool of the Earth Trend Modeler 

module available by Idrisi Selva 17.0 software (Eastman, 2016). With the 

identification of patterns, it was decided to divide the study area into two parts (P1 

and P2). This decision is explained in results. 

MK tau is a non-parametric trend indicator that measures the degree to which 

a trend is increasing or decreasing consistently. It was first proposed by Mann (1945) 

and later studied by Kendall (1975), then enhanced by Hirsch et al. (1982) and 

Hirsch & Slack (1984), which made it possible to take seasonality into account. It has 

a range of -1 to +1. A value of +1 indicates a trend that continually increases and 

http://www.snirh.gov.br/hidroweb/
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never decreases. The opposite is true when it has a value of -1. The zero value 

indicates that there is no consistent trend. All combinations of pair values over time 

are evaluated at each pixel and a count is made of the number that is increasing or 

decreasing over time. It is simply the relative frequency of increases minus the 

relative frequency of decreases (Eastman, 2016). 

With P1 and P2 discriminated, descriptive statistics were made to verify 

variations of the average values of each variable in both areas, checking if in general 

there was an increase, stability or decrease in each one of them. Stationarity (KPSS) 

and homogeneity (Pettitt and Buishand) tests were also performed. 

The stationarity test used was the KPSS (Kwiatkowski et al., 1992), which 

allows to check whether a series is stationary or not. The test result varies from zero 

to ∞ (Eta Observed Value), in which the higher the critical value (Eta Critical Value), 

greater the tendency for the series not to be stationary, and the opposite being also 

true, that is, as closer to zero and below the critical value, greater the tendency to 

stationarity. 

The homogeneity tests used were those by Buishand (1982) and Pettitt 

(1979), that check if a series is homogeneous over time, or if there is a moment when 

a change or break in that homogeneity occurs. Such tests were selected based on 

different sensitivities they present for identification at the change time and because 

they are widely used to test homogeneity in environmental data series (Bickici Arikan 

and Kahya, 2019; Rougé et al., 2013; Serinaldi et al., 2018; Serinaldi and Kilsby, 

2015; Yozgatligil and Yazici, 2016). 

 

6.2.3.2. Statistical analysis on variables related to LULC and MEaSUREs 

To measure changes in LULC in SFB, the Change Analysis tool of Land 

Change Modeler module, from Idrisi Selva 17.0 software, was used (Eastman, 2016). 

In this tool, it was possible to verify the main changes between the years 1985 and 

2018. 

In addition to measuring changes in LULC using MapBiomas data, the 

MEaSUREs database was also used, which contains data on the percentage of tree 

cover, non-tree cover and bare ground (VCF) between 1982 and 2014, and NDVI 

(VIP) between 1981 and 2019, respectively (Didan and Barreto, 2016; Hansen and 

Song, 2018). 
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For MapBiomas LULC data, from the measurements generated in Land 

Change Modeler module, all classes related to human actions (Farming, Mining, 

Planted Forest and Urban Areas) were grouped into a single class called 

Anthropogenic Disorders. In this, Mann-Kendall and homogeneity tests (Pettitt and 

Buishand) were performed. 

In the MEaSUREs data, Mann-Kendall test was used to identify differences 

spatiotemporal trends in the SFB with Series Trend tool of Earth Trend Modeler 

module from Idrisi Selva 17.0 software aid (Eastman, 2016). 

 

6.2.3.3. Statistical analysis on variables related to São Francisco river flow rate 

The data series on the minimum, average and maximum flows rate of São 

Francisco river was analysed in two river stations, one located in P1 (code 

45298000) and another in P2 (code 49705000). 

Mann-Kendall, stationarity and homogeneity tests were also applied. After the 

application of this tests and results obtained, these were compared to the results of 

tests related to the variables of previous topics. This was performed to verify possible 

implications of changes in land cover, in energy flows and, consequently, in water 

cycle basin, and the impacts of these processes on flow rate dynamics of São 

Francisco river at P1 and P2. 

To reinforce possible influences of changes in land cover in water cycle basin, 

correlation analyzes between NDVI and variations related to water cycle were 

performed, with the aid of Correlate module of Idrisi Selva 17.0 software (Eastman, 

2016). The main application of the module is to identify areas that correlate with a 

specific temporal pattern of interest, calculating the correlation coefficient R between 

one or more predictors (independent) with a time series of images (dependent) for 

each pixel. In addition, such analyzes were also performed between historical series 

of average flows rate in P1 and P2 with rainfall, surface and subsurface runoff data, 

using Pearson's correlation (Barber et al., 2020). 

 

6.3. Results and Discussion 

This topic is divided into two subtopics, which are results and discussion 1) 

related to spatiotemporal analysis of energy flow, water cycle and LULC variables; 

and 2) referring to consequences on the dynamics of São Francisco river flow rate 

resulting from changes in the variables evaluated in the previous subtopic. 
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6.3.1. Spatiotemporal analysis of energy flow, water cycle and LULC variables 

Mann-Kendall tests carried out for energy flow variables showed that there 

were different intensities in trends, positive and negative, of radiation  (short and long 

waves) and heat (sensitive and latent) fluxes, in specific areas in SFB between 

January 1948 and December 2019 (Figure 3). 

Due to this distinctions, the basin was segmented into two parts, P1 and P2 

(Figure 3). Such segmentation was based on trends of radiation flux (short and long 

waves) (Tables 2 and 3), which will influence the dynamics of other variables, such 

as heat flux (sensitive and latent), evapotranspiration and presence of moisture in the 

canopies and plants’ root zones. These results also guided the choice for used 

fluviometric stations locations, aiming to relate the changes in trends of the variables 

evaluated in GLDAS database with flow rate dynamics. The definition of the 

fluviometric stations followed two conditions: i) close to the place further downstream 

from P1 and P2, seeking to cover the entire contribution basin and; ii) with sufficient 

historical series to satisfactorily cover the period of GLDAS and MEaSUREs data. 

Although, on average, the latent heat flux is more stable at P2 and in the 

Lower SF there is a more significant drop in precipitation, the results in Mann-Kendall 

test, for the entire SFB, show that there were increases in radiation and heat fluxes, 

in addition to stability in rainfall indexes (Figures 3, 4 and Table 4). The KPSS test 

confirms such trends, showing that rainfall has a stationary behavior, both in P1 and 

P2, over time, whereas for radiation and heat fluxes the critical value has been 

reaching, mainly for specific heat and short-wave radiation, showing a tendency 

towards non-stationarity throughout the series. 

As a consequence of increase in radiation and heat fluxes, trends in potential 

and real evapotranspiration are positive, except for real evapotranspiration in P2, 

tending to stationarity. This is probably due to the fact that in P1 there is more 

moisture availability to be lost to the atmosphere by evapotranspiration than in P2 (in 

addition to less radiation and heat fluxes) since the potential evapotranspiration in P1 

is three times greater than the real one, while in P2 it is five times. Although actual 

evapotranspiration did not keep up with the increase in potential, it was positive due 

to the plant transpiration growth, as the water evaporation directly from plants’ 

canopies reduced, and evaporation directly from bare soils was stable. 
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Figure 6.3 - Trends in variables referring to energy flow and water cycle in SFB between January 

1948 and December 2019. The red dots are the fluviometric stations locations with codes 45298000 
(P1) and 49705000 (P2). 
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Table 6.2 - Trend (MK) range values and significance (p) analyze for energy flow variables in P1, 
between 1948 and 2019. 

Variable MK Tau Area (%) p-value Area (%) 

Swnet 
0.03 to 0.18  95 0 89 
0.18 to 0.41 5 > 0 11 

Lwnet 
0 to 0.1 10 0 98 

0.1 to 0.33 90 > 0 2 

Qh 
0.06 to 0.1 2 0 100 
0.1 to 0.4 98 > 0 0 

Qle 
-0.04 to 0.1 54 0 79 
0.1 to 0.21 46 > 0 21 

 

Table 6.3 - Trend (MK) range values and significance (p) analyze for energy flow variables in P2, 
between 1948 and 2019. 

Variable MK Tau Area (%) p-value Area (%) 

Swnet 
0.13 to 0.18 9 0 100 
0.18 to 0.41 91 > 0 0 

Lwnet 
-0.14 to 0.1 42 0 79 
0.1 to 0.33 58 > 0 21 

Qh 
0.14 to 0.18 4 0 100 
0.18 to 0.4 96 > 0 0 

Qle 
-0.28 to 0.1 81 0 54 
0.1 to 0.21 19 > 0 46 

 

Table 6.4 – Absolute and relative variations of the variables related to the energy flow and water cycle 
in the SFB between 1948 and 2019. 

Variable 
Average Variation - P1 Average Variation - P2 

Absolute Relative Absolute Relative 
Swnet + 10 W/m² + 5% + 23 W/m² + 12% 
Lwnet + 6 W/m² + 9% + 3 W/m² + 4% 

Qh + 14 W/m² + 29% + 26 W/m² + 40% 
Qle + 5 W/m² + 12% + 2 W/m² + 4% 

Rainf -63 mm/year - 5% 0 mm/year 0% 
PotEvap + 467 mm/year + 23% + 1072 mm/year + 45% 

Evap + 66 mm/year + 8% + 31 mm/year + 5% 
Tveg + 176 mm/year + 66% + 76 mm/year + 26% 

Ecanop - 127 mm/year - 37% - 63 mm/year - 28% 
Esoil + 13 mm/year + 6% 0 mm/year 0% 

CanopInt - 0.07 mm - 37% - 0.04 mm - 36% 
RootMoinst - 16 mm - 7% - 31 mm - 15% 

Qs + 64 mm/year + 400% +37.6 mm/year + 4,700% 
Qsb - 162.4 mm/year - 36% - 88 mm/year - 70% 

 

 



63 
 
 

 

 
Figure 6.4 – Mann-Kendall, KPSS and Homogeneity tests (Pettitt and Buishand) for energy flow and 

water cycle variables in SFB between 1948 and 2019. 



64 
 
 

 

The trends for the presence of moisture in plants’ canopies and their root 

zones are decreasing, ratified by non-stationarity in KPSS test. The reduction in 

humidity in these places is probably due to the increase in evapotranspiration, but, 

mainly, to the rise in surface runoff, which has a positive tendency, and to subsurface 

runoff reduction, which has a downward trend. This shows less water infiltration in the 

soil, providing less moisture to plants’ roots, and less water containment by 

vegetation, reflected by less water maintenance in their canopies and increase in 

water loss due to surface runoff. 

These results are reinforced from the analysis of LULC changes, which show 

that between 1985 and 2018 at SFB there was a reduction of 68,631 km² of native 

vegetation formations, equivalent to 10.8% of the basin total area. From this 

reduction, 95.7% was caused by agricultural activities (perennial and semi-perennial 

crops, planted forests and pastures), and the remainder, 2,951 km² (4.3%), due to 

the advance of urban areas, mining and other uses (Figure 5). The most degraded 

vegetation formations were savannas and grasslands, medium and small sizes 

vegetations from Cerrado and Caatinga biomes and transition between them. The 

third most affected were forests, of medium and large size, originating mainly in 

Atlantic Forest biome, but also present in transition areas between these, Cerrado 

and Caatinga. 

This reduction in native vegetation formations and their substitution by areas 

for agricultural use caused a fall in tree cover (Table 5), both in P1 and P2. As for the 

non-tree cover, in P1 and P2 there was an increase, reflecting the pasture and crop 

expansion in detriment of forest and savanna areas, medium to large vegetation. The 

bare soil, at the same time, was reduced in P1, even with native vegetation 

degradation, due to territorial growth of agricultural cover. Although there were 

dynamics similar to P1 in P2, that is, the replacement of native vegetation with 

pastures and crops, there was a significant increase in bare soil, in contrast to what 

happened in P1. 

Between 1982 and 2014, in P1, tree cover reduced, on average, from 18.5% 

to 15%, and non-tree cover increased from 77.1% to 81.3%. Bare soil fell from 5.8% 

to 4%. In P2, tree cover dropped, on average, from 22% to 13.3%, and non-tree 

cover increased from 72.7% to 76.8%. Bare soil rose from 5.3% to 9.9%. 
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Figure 6.5 – Changes in land use and land cover in SFB and its effects on the presence of tree and 

non-tree vegetation cover and bare soil. 
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Table 6.5 - Changes in tree and non-tree vegetable coverings and bare soil in the SFB. 
Tree Cover (%) Non-Tree Cover (%) Bare Soil (%) 

MK 
Statistics 

P1 P2 
MK 

Statistics 
P1 P2 

MK 
Statistics 

P1 P2 

Average -0.06 -0.2 Average 0.2 0.1 Average -0.13 0.1 

Min. -0.56 -0.58 Min. 
-

0.28 -0.44 Min. -0.6 -0.58 

Max. 0.56 0.56 Max. 0.67 0.67 Max. 0.51 0.51 
Std. Dev. 0.21 0.18 Std. Dev. 0.18 0.23 Std. Dev. 0.21 0.17 

MK 
Range 

(P1) 
Area (%) 

MK 
Range 

(P1) 
Area (%) 

MK 
Range 

(P1) 
Area (%) 

-0.56 to 0 60 -0.28 to 0 15 -0.6 to 0 73 
0 to 0.56 40 0 to 0.67 85 0 to 0.51 27 

MK 
Range 

(P2) 
Area (%) 

MK 
Range 

(P2) 
Area (%) 

MK 
Range 

(P2) 
Area (%) 

-0.58 to 0 87 -0.44 to 0 36 -0.58 to 0 30 
0 to 0.56 13 0 to 0.67 64 0 to 0.51 70 

 

Concerning the NDVI (Table 6), even with drop in tree cover in P1, there was 

mostly an increase, which on average rose 0.06, from 0.50 to 0.56. In P2, in general, 

it remained stable, with a drop of 0.01, from 0.52 to 0.51, approximately half of the 

area falling and the remainder rising. 

Table 6.6 - Changes in NDVI in SFB. 
MK Statistics P1 MK Statistics P2 

Average 0.18 Average 0 
Min. -0.32 Min. -0.35 
Max. 0.56 Max. 0.56 

Std. Dev. 0.17 Std. Dev. 0.13 
MK Range (P1) Area (%) MK Range (P2) Area (%) 

-0.32 to 0 18 -0.35 to 0 57 
0 to 0.56 82 0 to 0.56 43 

 

Arboreal vegetation has a greater capacity to retain rainwater in its canopies, 

favors infiltration and retention of moisture in the soil (Ebling et al., 2021; Patidar and 

Behera, 2018). It also reduces the incidence of radiation and, consequently, the heat 

flux close to the ground, ensuring less evaporation (Borges et al., 2020; Dugdale et 

al., 2018). So, the increase in vegetation transpiration across the SFB and the 

concomitant reduction in water evaporation directly from the vegetation canopy is 

likely due to the replacement of native vegetation by crops resulted in an increase in 

the areas occupied by non-tree vegetation at the same time that arboreal vegetation 

was reduced. The increase in crop areas exposes the soil to greater radiation and 
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heat fluxes, consequently causing greater potential evaporation, in addition to the 

plants themselves needing water for their development, which results in greater plant 

transpiration, especially in irrigated crops. 

The growth of bare soil in P2 is linked to the fact that rainfed agriculture is 

predominant in the region (Kemp-Benedict et al., 2011; Zeri et al., 2018), being 

practiced for three to four months of the year, approximately the same time that the 

typical vegetation of the region blooms (Barbosa et al., 2019; Barbosa and Lakshmi 

Kumar, 2016; Cunha et al., 2015), to which loses its leaves in the dry period (8 to 9 

months) as an adaptation to the semi-arid climate to miss less water to the 

environment. The stability in evaporation directly from the bare soil is due to the 

occurrence of less precipitation in P2 in relation to P1 and its stable trend over time, 

resulting in lower humidity in the environment, even with greater potential 

evapotranspiration. 

The energy flow and water cycle variables (GLDAS data) that showed a trend, 

positive or negative, with significant p-values, obtained results in Pettitt and Buishand 

tests that showed a break in homogeneity mainly in the 1990s, varying between 1995 

and 2000 in P1, and between 1986 and 2000 in P2 (Figure 4). The variables latent 

heat, precipitation, evapotranspiration, direct water evaporation from bare soil and 

subsurface runoff, whether in P1 and P2 or one of them, were those that obtained 

meanings that were more distant from zero, being exactly those that showed a break 

in homogeneity in different years to the rest of variables. This means that there was 

no break in their series, as the results in Mann-Kendall and KPSS tests showed that 

the variables with most distant values of significance were exactly those with no 

defined trend, that is, tending to stationarity. 

The tests by Pettitt and Buishand for anthropogenic disturbance (LCLU data) 

(Figure 5), show that the break in homogeneity in historical series of occurred in the 

late 1990s for P1 and early 2000s for P2, very close to the results achieved for 

variables from the GLDAS database. 

 

6.3.2. Impacts and changes in São Francisco river’ flow rate dynamics 

Although the drop in rainfall index in P1 was small, 5% between 1948 and 

2019, the drought events of the last decade (2010-2019) affected the permanence 

flow curve of São Francisco river (Q95 and Q50) (Figure 6). It is also noteworthy that 

these flows were influenced by the temporal behavior of rainfall, increasing when 
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rainfall increases (between 1950 and 1989) and decreasing when rainfall drops 

(between 1990 and 2019). 

 

 
Figure 6.6 – Influence of rain dynamics and changes in land cover on the behavior of SFB flow rate in 

P1. 
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Another relevant factor is the land cover changes caused by the expansion of 

activities and land uses, mainly linked to agriculture and livestock. Even though in P1 

there was a fall in bare soils, this was accompanied by a reduction in tree vegetation 

cover and an increase in the non-tree vegetation cover, due exactly to increase in 

pastures and crops areas. This fact has implications for other variables related to 

energy flow and water cycle, such as the greater radiation flux and, consequently, of 

heat flux, causing a greater evapotranspiration process, in addition to reduction in 

tree cover contribute to increase in surface runoff and reduction of water soil 

infiltration, reducing subsurface runoff and soil moisture in plants root zone. 

Even with the reduction in rainfall during the 2000s and 2010s, surface runoff 

was greater than in previous decades, when there were similar or higher rainfall 

levels. This has an impact on the long-term flow rate of São Francisco river, given the 

precipitated water that drains superficially is reaching the watercourses faster due to 

reduction of friction caused by the replacement of the land cover. Thus, water soil 

infiltration reduced and caused less subsurface runoff, impairing the recharge of 

groundwater that supplies tributaries and the main river itself. This supply is even 

more important in drought periods. 

In P2 (Figure 7), the situation is similar to P1, although there was a greater 

drop in tree cover and a greater increase in bare soil. The exception is the behavior 

of rainfall over the decades, which is not similar to that of flows rate (Figure 7). This 

occurs because in P2 the flow rate also follows the behavior of P1 rains, which are 

responsible for 65% of the water entering basin on average. 

The impacts are even clearer when the statistical results referring to the 

maximum, average and minimum flows rate are revealed, which show downward 

trends (MK) with values of -0.102, -0.109 and -0.084 respectively, in P1 (Figure 6), 

and P2 (Figure 7) with values of -0.151, -0.062 and -0.115. KPSS tests for all flows 

rate show that the critical levels have been reached, reporting non-stationarity in the 

series. The tests by Pettitt and Buishand reveal that the break in historical series 

homogeneity occurred in the early 2000s, in agreement with years obtained for data 

on LULC and very close to energy fluxes and water cycle variables. This fact is a 

strong indication that changes in LULC in SFB have resulted in changes in the 

natural cycles of energy and water in the basin. 
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Figure 6.7 – Influence of rain dynamics and changes in land cover on the behavior of SFB flow rate in 

P2. 
 

It is also worth mentioning another factor that influenced the flows rate, which 

is the construction of the Sobradinho dam, in the state of Bahia. Inaugurated in 1982, 
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from then on the dam contributed to regularization of the São Francisco flow rate. 

Between 1959 and 1980, in rainy season, maximum and minimum flows rate reached 

values close to 4,600 and 2,800 m³/s, respectively, and 1,200 and 1,100 m³/s, 

respectively, in drought period. From the 1980s to 2000s, even with a certain 

increase in rainfall, maximum and minimum flows rate did not reach 3,600 and 2,400 

m³/s, respectively, in rainy season, and exceeded 1,900 and 1,500 m³/s, respectively, 

in drought period, showing a control of increase in flows rate when the rains occur 

with greater frequency and intensity, and release when the drought occurs (Figure 8). 

The flow rate regularization shown in the fluviometric station located in P2 

does not occur in the one located in P1, which reveals that there was a clear drop in 

the maximum and minimum flows rate over the three periods evaluated, except for 

some similar values that occur between the periods, notably in dry season. 

Comparing P2 to P1, the amplitude of maximum and minimum flows rate between 

rainy and drought periods in 2001-2019, shows how the dams can help to regulate 

water flow rate in watercourses and keep their availability even higher in drought 

periods. 

In P2, despite the reduction in rainfall between 2001 and 2019, there was an 

average drop of 28% and 8% in maximum and minimum flows rate, respectively. In 

P1, the fall was 82% and 63%, respectively. This fact shows that without the 

construction of the dam, the situation in P2, regarding water availability in São 

Francisco river, could have been more serious in drought periods. 

In 2001-2019 period, in addition to a small reduction in rainfall in P1 and a 

stable situation in P2, there was also an increase in average evapotranspiration in 

rainy season and a reduction in drought in both areas (Table 7). There was an 

increase in average surface runoff practically throughout the year, notably in greatest 

rainfall period, and average subsurface runoff decreased, mainly in rainy season in 

P1. The presence of moisture in plants’ root zone also dropped in the period 2001-

2019, in both areas. The average reduction of 5% of rainfall in P1 is one of the 

factors related to the reduction of water present in basin, but the increase in 

evapotranspiration and surface runoff, caused by changes in land cover, had a 

greater impact on water maintenance. 
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Figure 6.8 – Seasonal analysis of variables related to water cycle in the SFB. 

 



73 
 
 

 

Table 6.7 - Seasonal variation of water flow in SFB between 1951-1980 and 2001-2019. 

Variable 
Average Variation (P1) 

Rainy Season Dry Season 
Absolute Relative Absolute Relative 

Rainf -131 mm -11% -27 mm -11% 
Evap +81 mm +14% -29 mm -10% 
Qs +8.4 mm +105% +0.4 mm +80% 

Qsb -201 mm -55% -2 mm -7% 
RootMoist -152 mm -9% -146 mm -12% 

Variable 
Average Variation (P2) 

Rainy Season Dry Season 
Absolute Relative Absolute Relative 

Rainf 0 mm 0% +26 mm +16% 
Evap +33 mm +7% -47 mm -19% 
Qs +102 mm +3,792% +24 mm  +2,380% 

Qsb -5 mm -36% -3 mm -38% 
RootMoist -230 mm -17% -203 mm -18% 

 

The correlation (R) between the monthly data from January 1981 to December 

2019 of NDVI with those of rain, evapotranspiration, root zone soil moisture of the 

plants, surface and subsurface runoff, shows, to a certain extent, the influence of 

vegetation maintaining humidity in basin. 

Figure 9 shows how the NDVI has a higher correlation with rain, 

evapotranspiration and soil moisture in root zone. In other words, it shows how the 

seasonality of rainfall influences the seasonality of vegetation, with vegetation 

increasing its vigor in the rainy seasons and decreasing in the dry seasons, expect 

for some areas, probably influenced by local factors, such as relief, irrigation, among 

others. 

The same occurs with soil moisture in root zone and with evapotranspiration, 

as in the rainy seasons it tends to have a greater water accumulation in the soil, 

increasing its humidity, and consequently a greater plant development, which also 

increases evapotranspiration processes. In the dry seasons, the lower occurrence of 

rain decreases inlet of water into basin, and with increase in energy fluxes (radiation 

and heat), it tends to increase potential evapotranspiration, removing more water 

from the system by this process. 
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Figure 6.9 – Correlations between NDVI and water cycle variables in SFB. 
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Although NDVI shows the vigor and health status of vegetation with some 

success, there is some difficulty in defining its size, as there is no direct relationship 

between this and the values of this index, depending a lot on the type of vegetation 

evaluated, in which biome and climatic caracteristics is located. For this reason, this 

index obtained lower correlations with surface and subsurface runoff, which will vary 

according to the occurrence of precipitation. It also depends on the relief and 

obstacles that favor or not water infiltration in soil and flow speed on the surface, with 

plant sizes as important factors in this case. Land covers (bare soil, arboreal and 

non-arboreal vegetation) were not used in this correlation because their information is 

of annual frequency, and it is not possible to assess the seasonality of the process, 

which is important in assessing the correlations, mainly due to the differences in the 

rainy and dry seasons. 

Correlating average monthly flow rate of the fluviometric stations located in P1 

and P2, with variables of rainfall, surface and subsurface runoff (Figure 10), it is clear 

their importance in the flow rate dynamics over time. However, notably, as 

subsurface runoff is vital for maintaining flow rate, especially in droughts. This shows 

how the recharge of groundwater is essential during rainy periods, and this process 

has been hampered by changes in land cover (Figure 11). 

As seen earlier, Buishand and Pettitt tests show that the break in homogeneity 

for energy flows, water cycle and LULC variables, occurred in the late 1990s and 

early 2000s, similar, too, the result for these tests in the cases of flows rate in P1 and 

P2, which were between 2000 and 2002. Thus, concerning the pre and post-1990s 

periods, for the entire SFB, the average reduction in rainfall volume was 2%, from 

958.9 to 940.5 mm per year, down 18.4 mm. While rainfall is stable, average 

evapotranspiration increased by 5% (+38.1 mm), surface runoff increased by 225% 

(+36 mm) and water infiltration in the soil decreased by 52% (-92.5 mm) (Figure 11). 

This means that in the period before the 1990s, from 100% of the water 

volume that entered the basin (precipitation), 79% returned to the atmosphere 

through evapotranspiration. In the current period, after the 1990s, this ratio is 85%. 

The loss through surface runoff was 2% and became 6%. In other words, there was a 

reduction in the water infiltration into the soil, which corresponded to 19% of the 

water volume, which entered the basin due to rains. This ratio has now dropped to 

9% (Figure 11). 
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Figure 6.10 – Correlations between average monthly flow rate with rainfall, surface and subsurface 

runoff data in SFB. Note: the construction of Sobradinho dam influenced the correlation values at the 
fluviometric station located in P2, due to flow rate regularization in São Francisco river, which 

significantly changed its behavior compared to other variables natural dynamics. 
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Figure 6.11 – Simplified water balance for the pre and post-1990s periods at SFB. 

In line with what was found in this research, other studies identified drops in 

the São Francisco river flow rate and in the groundwater volume present in the basin 

(de Jong et al., 2018; Gonçalves et al., 2020; Paredes-Trejo et al., 2021; Silva et al., 

2021; Sun et al., 2016), caused by the decrease in rainfall over the last three 

decades (Cunha et al., 2019; de Jong et al., 2018; Gonçalves et al., 2020; Marengo 

et al., 2017, 2020) and intensified by changes in LULC (de Andrade et al., 2021; 

Pousa et al., 2019), especially for agropastoral activities and the intensive water 

withdrawal for irrigation, in addition to the increase in evaporative demand (de 

Andrade et al., 2021). 

Such occurrences had consequences in the electric energy generation in the 

dams on the São Francisco river (Três Marias, Sobradinho, Itaparica, Moxotó, Paulo 

Afonso Complex and Xingó) to supply the Northeast region of Brazil, in which 

hydroelectricity generation has fallen from 50% before 2012 to 18% in 2017, being 

gradually replaced by thermal and wind generation, in addition to the import of 

energy from other regions by the integrated Brazilian grid (de Jong et al., 2018; Silva 

et al., 2021). 

In addition to hydroelectric power generation impacts, there were 

consequences for the São Francisco' waters quality after the Xingó dam, the most 

downstream of this river. Flow rate reductions allowed greater intrusion of saline 

water from the Atlantic Ocean. Between 2008 and 2010 salinity levels, both at the 
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surface and at greater depths, were below 0.1‰, within the limit established by 

CONAMA Resolution 357 of 0.5‰ to consider water as fresh. After successive 

reductions in flow rates, between 2013 and 2017, salinity increased from 8 to 64 

times, ranging from 1.4 ‰ for flow rates of 1105 m³/s in October 2014, and 15.4‰ for 

flow rates of 741 m³/s (Fonseca et al., 2020). The saline intrusion was observed 16 

km from the mouth, which caused the replacement of agricultural activities for 

carcinoculture by the riverside population, in addition to a reduction in water quality, 

which reached turbidity levels 15.6 times higher than recommended by the World 

Health Organization (WHO) (Soares et al., 2020; Vital Filho et al., 2020). 

Such consequences already evidenced on the São Francisco river, in view of 

climate alterations and LULC changes in its basin, cast doubt on the sustainability of 

this river since the climate predictions for the region in which it is located project an 

increase in temperature and reduction in rainfall, in addition to a tendency towards 

greater frequency of drought events, increasing the potential for evaporation from 

reservoirs and a drop in soil moisture (Marengo et al., 2017). All these factors favor 

the occurrence of aridification in the region, causing the replacement of Caatinga 

vegetation by others adapted to arid conditions (Marengo et al., 2020). However, 

there are other estimates that the decrease in rainfall volumes can be faster, in which 

in the SFB there is at least 35% chance of occurrence in the reduction of rainfall to 

values below 440 mm by the 2030s (de Jong et al., 2018). 

In addition to climate change, changes in LULC are another factor of concern, 

with predictions of a 250% increase in water withdrawal by 2025 (Bezerra et al., 

2019), especially for irrigation, which would account for 75% of this increase, with 

282 m³/s already being removed in the basin to carry out activities in various sectors 

(77% for irrigation only) (ANA, 2019). The São Francisco transposition is one of the 

factors that increase the river pressure, since maximum, average and minimum 

pumped flows rate of 127 m³/s, 65 m³/s and 26.4 m³/s are expected to serve 399 

municipalities in the Northeast Septentrional Brazilian (ENGECORPS/HARZA, 2000; 

Molinas, 2019). 

Since the axes inauguration, the maximum transposed flow rate has been a 

maximum of 22.98 m³/s in the North and 14.05 m³/s in the East (PISF, 2021), and it is 

not possible to use the channels full capacity due to scarcity of water that occurred 

since 2012 and that affected the São Francisco river. The projections materialization 

of rainfall reduction together with the river overexploitation, can cause the total 
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dryness of its waters in its low course or have very low flows rate with a high level of 

salinity (de Jong et al., 2018). Similar situations already occur in several rivers on the 

planet, such as Colorado, which runs dry before reaching its mouth (Tecle, 2017; 

Waterman, 2014), and hydroelectric power generation is threatened by reductions in 

reservoir levels (Huckleberry and Potts, 2019). Other major rivers in the world have 

also suffered declines in their flows due to the overexploitation of their waters, 

concomitant with climate change, such as the Nile and the Yellow (Brown, 2011; 

Omer et al., 2020). 

 

6.4. Conclusions 

In this research, the following conclusions were reached: 

• Between 1985 and 2018, the SFB lost 68,631 km² of native vegetation, 

equivalent to 10.8% of the basin area; 

• These LULC changes that contributed to the increase in radiation and 

heat fluxes close to the ground, consequently increasing the potential 

evapotranspiration, in addition to the surface runoff increase, subsurface runoff 

reduction and decreases in humidity of the plants’ root zone; 

• The flow rate of São Francisco River has been impacted by such 

changes, since the water contribution of subsurface runoff has decreased in both P1 

and P2, notably in the first, an area that represents 65% of the water entering SFB 

due to rain; 

• The São Francisco River flow rate have been impacted mainly by the 

drop in the contribution of P1 in the maintenance of basin's water resources, notably 

by the reduction in subsurface runoff of the last two decades, caused by the greater 

loss of water in surface runoff and evapotranspiration; 

• In summary, the very activities that depend on greater water 

maintenance in the basin are those that promote water loss through surface runoff 

and evapotranspiration, reducing flow rates of São Francisco River, by decreasing 

the recharge of aquifers and soil moisture. 
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7. GENERAL CONCLUSIONS 

 
In this research, it was found, in the first paper, that, in general, CHIRPS had 

the best performance in estimating rainfall volumes when compared to data from field 

stations used as a test for product evaluation. From the results obtained, there is 

evidence that the best performance is due to the incorporation of different data 

sources from field stations, estimates from infrared sensors from geostationary 

satellites and physiographic predictors. Information not fully present in other 

products. Thus, CHIRPS, for studies that use long-term monthly data, would be the 

best choice for information on rainfall volumes for the Brazilian semiarid region, 

although more studies are needed to assess other data and scales. All methods had 

the worst performance in the eastern range of the BSOL, an area that receives 

moisture from the Atlantic Ocean and has complex terrain, due to the set of 

mountains located in the topographical complex of the northeast coast of Brazil. 

In the environmental context, evaluated in paper two, it was found that the São 

Francisco basin has undergone relevant changes in its land cover over the last four 

decades, with the deforestation of native vegetation replacing pasture and 

agricultural crops, and that these changes have significant relationships with the 

reduction of water infiltration into the soil and subsurface runoff, in addition to the 

increase in surface runoff and evapotranspiration. Altogether, rainfall volumes have 

been decreasing since the 1990s, accompanied by reductions in the São Francisco 

River flows. The fall has been more intense since the last decade, in a strong event 

of drought that hit the São Francisco basin and the Brazilian Semiarid Region 
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between 2012 and 2018. In this event, the long-term flows of the São Francisco River 

were the lowest in the whole historical record, impacting the generation of 

hydroelectric energy in plants located in the sub-middle and lower São Francisco 

hydrographic sub-regions, and enabling the intrusion of saline water from the Atlantic 

Ocean, reducing water quality kilometers inland from the continent in the São 

Francisco River gutter. 
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