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ABSTRACT 

Drought is a recurrent phenomenon in the Northeast Brazil (NEB) region, especially in its 

semiarid inlands, which are characterized by a remarkable climate variability, the expansion of 

desertification areas and persistent water-use conflicts. Furthermore, future climate change 

projections indicate that drought events will become more frequent and intense, exerting more 

pressure over the already vulnerable region. Although several drought studies have been carried 

out at the NEB, some important methodological aspects inherent to data quality and control, 

specificities of the used techniques, and spatial scale still need to be further discussed. 

Therefore, the objective of this thesis is to characterize different aspects of drought in the NEB 

considering different spatial scales, meteorological data characteristics, and remote sensing 

monitoring alternatives. This characterization was carried out in the São Francisco watershed 

(SFW), which presents a remarkable climate diversity, in the Piranhas-Açu watershed (PAW), 

which is mostly located in the semiarid NEB, and in desertification hotspots. In the first study, 

we thoroughly validated Climate Research Unit Time Series (CRU TS) gridded precipitation 

and potential evapotranspiration data over the SFW. CRU TS data presents overall good 

correlation with observed data. Then, we compared the applicability of the evaporation deficit 

and the Standardized Precipitation-Evapotranspiration Index as drought indices in the SFW. 

Results show that periods of water shortage are becoming more frequent and more intense in 

the coastal and middle zones of the basin, indicating an expansion of aridity. In the second 

study, we used gap-filled observed rainfall time series in order to propose a comprehensive 

climatological analysis in the PAW. A rainfall anomaly index was used to identify drought 

events, which are mostly associated with El Niño events and the anomalous warming of the 

Tropical North Atlantic Ocean. Finally, in the third study, different stochastic models were 

tested in order to forecast remotely sensed Normalized Difference Vegetation Index data 

(MOD13A2 product) over six desertification hotspots in the NEB. Results show that the tested 

models satisfactorily forecast short-term dry and degraded vegetation states. The results of this 

thesis contribute to the current general knowledge associated with drought assessment over 

semiarid regions, and the specific results of each study can be further explored by management 

agencies or local entities in the development of specific strategies to face and adapt to drought 

in the NEB. 

Keywords: Semiarid, water balance, climate extremes, data series gap-filling, desertification, 

NDVI, SPEI   
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GENERAL INTRODUCTION 

Drought is a recurrent and inevitable climatic phenomenon characterized by the 

persistence of a water deficit over time. This phenomenon is considered a natural hazard with 

the potential to affect water availability and, consequently, the ecosystem services of regions 

under the influence of almost all climate types (ESFAHANIAN et al., 2017; LI et al., 2017; 

MISHRA; SINGH, 2010; WILHITE, 2000). Depending on its duration and intensity, drought 

may result in the collapse of the capacity of a natural environment to cope with human and 

ecosystem needs for water. The effects of this collapse in agriculture, vegetation and water 

supply are normally associated with important socioeconomic impacts (HAYES et al., 2011). 

Indeed, it is the natural disaster which affects most people worldwide (CUNHA et al., 2015; 

HEWITT, 1997). 

On the other hand, the magnitude of the observed socioeconomic impacts is directly 

related to the characteristics of the affected population and region. During persistent drought 

events, for example, it is common for more vulnerable regions, such as the Northeast Brazil 

(NEB), which is mostly under the influence of a semiarid climate, to declare state of emergency 

or public calamity since municipalities are unable to cope with the inflicted damage 

(GUTIÉRREZ et al., 2014; MARENGO; TORRES; ALVES, 2017). In this context, 

understanding these impacts is a complex undertaking, since they are a function of not only the 

severity of the water deficit, but also of the local geographical susceptibility to its effects 

(DUBREUIL, 1996; ZARGAR et al., 2011). 

Due to this complexity, this phenomenon is usually studied through four basic 

approaches: meteorological drought, agricultural drought, hydrological drought and 

socioeconomic drought (WILHITE; GLANTZ, 1985). In this conceptual model, the initial 

water deficit (meteorological drought) is triggered by the natural variability of the climate 

system. The persistence of this deficit leads to the reduction in soil moisture and water stress in 

plants (agricultural drought); as well as to the reduction of streamflow and surface water 

availability (hydrological drought). Finally, these effects observed in the natural environment 

will lead to a response by the social and economic system (socioeconomic drought), according 

to its characteristics. However, it is important to highlight that these drought typologies do not 

occur at the same time scale, since they usually depend on the duration and intensity of the 

precursor event and develop as chained events (BARKER et al., 2016; WANG et al., 2016; 

WILHITE; GLANTZ, 1985).  
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Currently the characterization and monitoring of the different drought typologies are 

carried out mainly by the use of drought indices. These indices are usually based on specific 

variables associated with the drought type being assessed (NIEMEYER, 2008; ZARGAR et al. 

2011). For example, remote sensing data is usually used to characterize agricultural drought, 

since they allow the mapping of soil moisture conditions through the evaluation of surface and 

land cover parameters. There are also aggregated indices, which combine different information 

to provide a global response to the impacts of drought. Using indices is advantageous because 

they allow: almost real-time detection and monitoring of drought; definition of the onset and 

the end of a drought event; the establishment of drought severity levels; their regional 

representation; and the identification of their relation to different spatial and temporal scales 

(MISHRA; SINGH, 2010; ZARGAR et al., 2011). 

Although individual studies on each drought type are of the uttermost importance, they 

present some limitations. On the one hand, using specific indices allows to focus the analysis 

on drought effects over a specific domain. On the other hand, they do not allow the detailed 

understanding of the connections and links between different drought types (MELO et al., 

2016). Oppositely, aggregated indices allow a global evaluation of drought impacts, but are 

usually insufficient to describe specific impacts and their interrelations (ESFAHANIAN et al., 

2017). A comprehensive approach to drought should encompass specific indices and methods 

to characterize its causes (meteorological drought), its impacts by typology: in the vegetation 

and in the soil (agricultural drought), in water availability (hydrological drought); and its global 

impacts (socioeconomic drought). This comprehensive approach, however, requires a robust 

coordination and expertise in different domains, with the manipulation of a variety of datasets. 

Overall, integrated or individual drought studies are particularly important over 

vulnerable regions marked by the recurrence of conflicts for water use and the degradation of 

natural environments due to human activities (VAN LOON et al., 2016a), where water deficits 

are frequent and the conservation of natural resources is crucial (SAADI et al., 2018). This is 

the case of the NEB, which occupies approximately 18% of the Brazilian territory and is mostly 

under the influence of a semiarid climate (CUNHA et al., 2015; DE OLIVEIRA; SANTOS E 

SILVA; LIMA, 2017). The NEB is characterized by a remarkable interannual climate 

variability, which modulates the occurrence of extreme rainfall (DA SILVA et al., 2018; DE 

OLIVEIRA; SANTOS E SILVA; LIMA, 2014) and therefore makes persistent droughts a 

recurrent event in the region, historically affecting millions of people and drastically impacting 

regional and national economy (MARENGO; TORRES; ALVES, 2017).  
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In the semiarid portion of the NEB, the Caatinga (“white forest” in the tupi-guarani 

native language) is the main native vegetation type, which is composed by xerophyte deciduous 

and semi-deciduous species largely influenced by the persistence of dry conditions. This 

ecosystem is considered a hotspot of global biodiversity despite being systematically under 

anthropic pressure due to the expansion of agricultural areas and the lack of preservation public 

policies (BEUCHLE et al., 2015; KOCH; ALMEIDA-CORTEZ; KLEINSCHMIT, 2017). 

Furthermore, recent studies have shown that the productivity of the Caatinga biome is largely 

driven by the occurrence of rainfall, and that it might play an important role in regional and 

global carbon balances (CAMPOS et al., 2019; MARQUES et al., 2020; MENDES et al., 2020). 

Thus, the combination of anthropic influence and the incidence of drought events in the region 

might aggravate soil degradation, loss of vegetation and ecosystem productivity, and the 

expansion of areas under risk of desertification (CUNHA et al., 2015; MARIANO et al., 2018). 

These effects, in turn, feedback the aridification process, influencing the local hydrological 

cycle and impacting the associated ecosystem services (ADAMS, 2007; D’ODORICO et al., 

2013). 

The interactions between climate aspects, vegetation and water resources in the NEB 

might become even more complex if the projections for future scenarios in the region are taken 

into account. For example, an increase in the demand for irrigation water is expected in several 

semiarid areas due to the transposition of the São Francisco river, the main water body 

transporting water from subhumid zones of the country towards its semiarid zones (BEZERRA 

et al., 2019; STOLF et al., 2012). In addition, recent studies indicate that the region will be 

affected by a decrease in rainfall rates and an increase in mean temperature over the next 

decades (FRANCHITO; FERNANDEZ; PAREJA, 2014; MARENGO; BERNASCONI, 2015; 

VIEIRA et al., 2015), which can already be observed as an increase in aridity (DUBREUIL et 

al., 2019). The expansion of desertification areas in the NEB have also been associated with a 

potential reduction in precipitation over the region (DE SOUZA; OYAMA, 2011). 

Furthermore, projections by the Intergovernmental Panel on Climate Change (IPCC, 2007) 

indicate an increase in the frequency and intensity of drought extreme events due to global 

climate change.  

For these reasons, there is a vast literature regarding drought assessment studies in the 

NEB, particularly in its semiarid region. Studies at the regional scale have been developed on 

the teleconnections between droughts and large-scale circulation patterns (ANDREOLI; 

KAYANO, 2006; HASTENRATH, 2006; LIU; NEGRÓN JUAREZ, 2001; MOURA; 
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SHUKLA, 1981); drought frequency, severity and duration (BRITO et al., 2018); drought 

monitoring through remote sensing (ANDERSON et al., 2016; BARBOSA; KUMAR, 2016; 

CUNHA et al., 2015; 2018; ERASMI et al., 2014; FERREIRA et al., 2018; MARIANO et al., 

2018); characterization of specific drought events (CUNHA et al., 2019; DE MEDEIROS; DE 

OLIVEIRA; TORRES, 2020; DE MEDEIROS et al., 2020; MARENGO et al., 2017; 

MARTINS et al., 2018; RAO; HADA; HERDIES, 1995); trends in extreme events indices (DA 

SILVA et al., 2018; DE OLIVEIRA; SANTOS E SILVA; LIMA, 2017); and desertification 

simulation and monitoring (BARBOSA; HUETE; BAETHGEN, 2006; DE SOUZA; OYAMA, 

2011; FERREIRA et al., 2017; OYAMA; NOBRE, 2004; TOMASELLA et al., 2018; VIEIRA 

et al., 2015). 

However, there are still some important issues to be discussed and investigated 

regarding the development of drought studies in Brazil. For instance, one recurrent problem is 

the lack of consistent, gap-free, long-term data series of meteorological variables in the NEB, 

which is crucial to develop reliable long-term drought monitoring studies (PAREDES-TREJO; 

BARBOSA; KUMAR, 2017; RODRIGUES et al., 2020; XAVIER; KING; SCANLON, 2016). 

Although alternative interpolated or satellite-derived gridded datasets are used in many cases 

to overcome that issue, they usually do not overgo careful specific validation before use. Also, 

most drought indices used to describe meteorological drought (such as the popular Standardized 

Precipitation Index – SPI) have well-known issues regarding their applicability in semiarid 

regions (STAGGE et al., 2015), such as the inefficiency in handling skewed distribution of data 

due to the inflation of zero precipitation values during the dry season. Nonetheless, they are 

being used in studies in the NEB with little discussion on alternatives to tackle this issue. 

Furthermore, despite the undeniable relevance of regional scale studies, more studies at 

the watershed scale should be encouraged since they are considered by the National Waters 

Agency (ANA – Agência Nacional de Águas) as the primary unit for hydrological planning and 

water resources management in Brazil (BRASIL, 1997). Thus, understanding the spatial and 

temporal characterization of droughts at the watershed scale allows the design of management 

strategies that consider the specific aspects of drought occurrence in each management unit. In 

addition, studies at the watershed scale may corroborate and provide further details on the 

results usually discussed when analyzing drought at the regional scale. 

Finally, drought monitoring by remote sensing techniques have been increasingly used 

and integrated with climatological data, inclusively to monitor drought impacts on the Caatinga 
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(BARBOSA; KUMAR, 2016; CUNHA et al., 2015; 2018; ERASMI et al., 2014). Nevertheless, 

methods to forecast seasonal vegetation response are still scarcely used due to the 

computational effort required to derive pixel-wise forecasting models. Thus, alternative 

methods should be explored in order to provide researches with new insights on how to monitor 

and forecast vegetation behavior and response to different meteorological conditions. 

Objectives of the thesis 

In this context, despite the wide number of studies developed aiming to investigate and 

monitor drought dynamics in the NEB region, there are still advancements to be made. By 

analyzing the currently published studies, several questions arise: how can smaller-scale or 

watershed-scale studies complement results usually found at the regional scale? How do the 

well-known effects of large-scale atmospheric patterns on drought over the NEB behave at 

these smaller scales? What alternatives can be used to assure long-term monitoring of drought 

in the NEB given the lack of quality observational measurements? Are the currently available 

indices adequate to provide an in-depth characterization of drought in tropical and semiarid 

regions? Is it possible to forecast vegetation dynamics in desertification hotspots using remote 

sensing data? 

These questionings can be summarized in a single general problematic: how to improve 

drought characterization in the NEB? 

In order to contribute to this discussion and to the overall context of drought studies 

over the NEB, this thesis was developed with the main global objective of characterizing 

different aspects of drought in the NEB considering different spatial scales, 

meteorological data characteristics, and remote sensing monitoring alternatives. To reach 

this objective, this thesis explores different datasets, methods and approaches to characterize 

drought and improve its assessment in areas with diverse climatic and physical aspects located 

in the NEB. In fact, three specific objectives were delineated: 

i) to evaluate the main average and anomalous patterns of incidence of 

meteorological drought in a multi-climate large-scale watershed using validated 

gridded datasets; 

ii) to propose a comprehensive approach to rainfall climatology, including drought 

assessment, in a small-scale watershed mostly located in the Brazilian semiarid 

region and using gap-filled observational data; 
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iii) to test and compare different stochastic models derived from remote sensing data 

in the forecasting of vegetation dynamics over desertification hotspots. 

Thesis structure 

This thesis comprises four chapters within a common baseline associated with the 

aforementioned specific objectives. Apart from the first chapter, each other chapter is a 

published (or to-be-published) article approaching specific issues at different spatial scales 

regarding the challenges of drought studies in the NEB, particularly its semiarid region. At the 

same time, the results retrieved in each study are unprecedent for the specific regions in which 

they were developed. Since different methodologies were adopted in each study, there is no 

general material and methods section, which will be presented within each study individually. 

The first chapter, “Drought and the Northeast Brazil”, comprises an in-depth 

analysis of the theoretical basis regarding drought assessment studies. In its first section, it 

covers a detailed literature review on the evolution of the main challenges and scientific 

discussions regarding drought worldwide and in the NEB. In its second section, the main 

physical features of the NEB region will be described in order to provide an overall context on 

which the following chapters will be based. The description will focus on the climate and 

vegetation aspects of the region. 

The second chapter is “Meteorological drought in the São Francisco watershed”. In 

this chapter, meteorological drought is studied in the São Francisco watershed (SFW), which is 

a large-scale basin with multiple climate types and a strategic role for the development of the 

NEB. The chapter is divided into two main complementary studies. The first study deals with 

the lack of consistent, gapless, long-term meteorological data in the basin by thoroughly 

validating precipitation and potential evapotranspiration (PET) gridded data from the Climate 

Research Unit Time Series (CRU TS) dataset. In the second study, the validated data is used to 

characterize meteorological drought in the SFW in the period from 1942 to 2016 (75 years) 

while also discussing some important methodological aspects regarding the applicability of 

currently-available drought indices over semiarid regions. 

In the third chapter, “Climatological drought assessment over small-scale semiarid 

watersheds: the case of the Piranhas-Açu basin”, we opted for a different approach in 

comparison to the first chapter. We selected the Piranhas-Açu watershed (PAW) in the Rio 

Grande do Norte (RN) and Paraíba (PB) states as study area. The PAW is much smaller when 
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compared to the SFW, and is mostly under the influence of semiarid climate. In this study we 

propose a comprehensive framework to develop climatological studies in watersheds with 

similar characteristics, that is, small-scale semiarid basins. Instead of using promptly available 

gridded datasets, we propose the integration of different gap filling methods in order to retrieve 

a reliable precipitation data series comprising the period from 1962 to 2015. In this study we 

carried out drought and rainfall climatology analysis based on the Modified Rainfall Anomaly 

Index (mRAI), which solely depends on rainfall data. 

In the fourth chapter, “Remote sensing monitoring of vegetation over 

desertification hotspots: alternative approaches”, we shift the focus of the studies from the 

climatological perspective to the surface monitoring of vegetation. In this study we explore the 

use of different stochastic models in the forecasting of vegetation states over six desertification 

hotspots in the NEB: Cabrobró, Seridó Jaguaribe, Inhamúns, Irauçuba and Gilbués. The 

performance of Holt-Winters, Box-Jenkins and Box-Jenkins-Tiao models was evaluated in 

forecasting mean Normalized Difference Vegetation Index (NDVI) and NDVI variance. Data 

from the Moderate Resolution Imaging Spectroradiometer (MODIS) MOD13A2 product 

comprising the period from 2000 to 2018 were used. The two modeled parameters (mean NDVI 

and NDVI variance) were than used in mean-variance plots that represent seasonal vegetation 

states. 

Therefore, this thesis adopts what could be called a top-down approach to drought in the 

NEB (Figure 1). We start from an overall discussion on the methodological drought aspects in 

a global context and in the context of the NEB (Chapter 1). Then, we assess some of these 

aspects at the scale of a large continental watershed (Chapter 2). We proceed to carry out a 

similar study at a small-scale regional watershed, addressing the specific issues that arise due 

to the specificities of smaller scale study areas in the NEB and its semiarid region (Chapter 3). 

Finally, we shift the focus of the last study towards specific vulnerable areas in the NEB at the 

local scale, adopting an approach based on remote sensing monitoring (Chapter 4). 
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Figure 1 – Organizational chart of the thesis. 

 

Apart from chapter 1, each other chapter will be introduced by a brief contextualization 

and followed by the integral published (or to-be-published) articles that derived from each 

proposed study. After the four chapters, a global conclusion summarizing the main 

contributions of this work to the scientific community is presented, also providing clues and 

paths for future researches on drought in the NEB. 

Context of the development of the thesis 

The thesis was developed under a co-tutoring agreement signed by the Universidade 

Federal do Rio Grande do Norte (UFRN), represented by the advisor Prof. Dr. Bergson Guedes 
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Bezerra of the Programa de Pós-graduação em Ciências Climáticas (PPGCC) and attached to 

the Grupo de Estudos Observacionais e de Modelagem da Interação Biosfera-Atmosfera 

(GEOMA) research group; and the Université Rennes 2 (UR2), represented by the advisor Prof. 

Dr. Vincent Dubreuil of the École Doctorale Sociétés, Temps, Territoires (ED-STT) and 

attached to the Littoral, Environnement, Géomatique, Télédétection (LETG-COSTEL UMR 

6554) research unit.  

The interaction between research groups started in 2014 with the exchange of PhD 

students between institutions. In 2017, the specific collaboration for the development of the 

present thesis started, with the signing of the co-tutoring agreement between institution taking 

place in 2018. The thesis was financed in Brazil by the Coordination for the Improvement of 

Higher Education Personnel (CAPES). Furthermore, the project also received grants from the 

Internationalization Program of the CAPES (PRINT/CAPES) and the Eiffel Excellence 

Scholarship Program of the French Ministry for Europe and Foreign Affairs in order to enable 

the development of the research in the French laboratory in 2019 and 2020.  
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CHAPTER 1: DROUGHT AND THE NORTHEAST BRAZIL 

In this first chapter, a brief literature review will be presented on the main theme of the 

research. In section 1.1 the thesis will be contextualized based on an in-depth theoretical 

framework regarding drought studies worldwide. Conceptual and operational definitions of 

drought will be discussed, as well as the Brazilian historical context regarding water and 

drought policies. Section 1.2, on the other hand, will focus on an overall characterization of the 

NEB region, focusing on its main physical and socioeconomic aspects associated with the cause 

and effects of drought in the region. 

1.1. Drought: definitions, concepts and approaches 

Objectively defining drought has been one of the main challenges faced by scientists 

studying this phenomenon. At a first moment, between the 1960s and the 1980s, the disciplinary 

compartmentalization of drought studies was already being discussed, with specific drought 

definitions being adopted depending on the objectives of each study (SUBRAHMANYAM, 

1967). For example, meteorologists would study drought through precipitation deficits and its 

atmospheric characteristics, agronomists would study it considering the reduction in soil 

moisture, while hydrologists would focus on changes in streamflow rates. However, the limits 

of this compartmentalization were not clearly defined, and even within the same compartment 

there were still divergencies on how to operationalize drought studies (WILHITE; GRANTZ, 

1985). 

Despite advancements, this lack of centralization and consensus on the definition of 

drought lingered throughout the 1980s. In 1985, however, the geographer Donald Wilhite and 

the engineer Michael Glantz published a theoretical-conceptual study on the overall knowledge 

about droughts, with fundamental conclusions on the role of its definitions (WILHITE; 

GLANTZ, 1985). In this study, the authors identified over 150 drought definitions which have 

been used until that time. The conclusions of said study promoted a paradigm shift regarding 

studies on this phenomenon. Among them, we highlight: (1) there cannot (and should not) have 

a single universal definition of drought; (2) most studies focus on the physical aspects of 

drought while ignoring its social aspects; (3) due to the multiple interests involved when 

studying this phenomenon, it is useful to divide drought types into four groups: meteorological, 

agricultural, hydrological and socioeconomic. 

These conclusions were consolidated in a subsequent study (WILHITE, 2000), which 

established the conceptual and theoretical framework to be used explicitly or implicitly in most 
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drought studies that followed. The conceptual model by Wilhite (2000) is presented in Figure 

1.1. 

In this model, drought is considered as an event triggered by the natural climate 

variability, and, as such, it is recurrent, inevitable, and capable of affecting regions under the 

influence of basically all climate types worldwide (ESFAHANIAN et al., 2017; LI et al., 2017; 

MISHRA; SINGH, 2010). This natural variability of the climate system may cause precipitation 

deficits, temperature anomalies, wind intensification, increased solar radiation and reduction in 

cloud cover (meteorological drought). These conditions have variable durations and intensities 

and they may lead to an increase in evapotranspiration and a reduction in soil infiltration if they 

persist. These changes, in turn, will favor the reduction of soil moisture, generating water stress 

in the vegetation with a consequent reduction in biomass and productivity (agricultural 

drought). If these conditions are upkeep by the persistence of the anomalous climate and 

pedological conditions, it will eventually affect the hydrological cycle, with a reduction in 

streamflow rates and in the recharge of surface and groundwater bodies (hydrological drought). 

At this stage, the resulting effects on agriculture and livestock production, and on water supply 

to human activities are expected to impact the population living in the afflicted region, leading 

to economic, material and environmental losses (socioeconomic drought). 

Furthermore, once this propagation system is established, a positive feedback process is 

triggered (ADAMS, 2007; MISHRA; SINGH, 2010). Soil moisture depletion reduces 

photosynthetic activity and evapotranspiration, which in turn reduces relative air humidity. 

With a drier air, the probability of occurrence of favorable conditions to reach air saturation 

reduces and, consequently, so does precipitation. Usually, the end of a well-established drought 

condition takes place only with the occurrence of external disturbances which transport 

sufficient moisture to produce rainfall over the afflicted region (BRAVAR; KAVVAS, 1991).  



31 

 

Figure 1.1 – Conceptual model for the triggering and development of different drought 

types. Adapted from Wilhite (2000). 

 

One can notice through Figure 1.1 that the different drought typologies are 

interdependent, occurring as a chained process in time and according to the alterations observed 

in the compartments of the hydrological cycle (LAMBERT, 1977). On the other hand, the final 

impacts will be perceived at different intensities and at different time scales depending on the 

social structure and the type of production system observed in the afflicted region. For example, 

regions adapted to this kind of phenomenon, with alternative water storage and irrigation 

systems will probably suffer relevant impacts only during events in which water deficits persist 

for a long time. Therefore, drought represents a natural hazard with associated risks that are 

directly related to the degree of exposure of a given region and to the vulnerability of the 

affected population (DUBREUIL, 1996; WILHITE, 2000; ZARGAR et al., 2011). 
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Throughout the years, the interest of the scientific community in studying the effects of 

anthropic activities in climate has drastically increased. Currently, one cannot disassociate 

studies on the climate system and its phenomena from the global climate change context, which 

is intensified by anthropic activities (IPCC, 2007). Thus, a redefinition of the conceptual model 

of drought propagation initially described by Wilhite (2000) was proposed, in such a way that 

human activities should be considered part of the drought propagation system (VAN LOON et 

al., 2016b). In the original model, mankind plays the role of a passive ‘target’ of the system, 

located at the end of the drought propagation cascade. For Van Loon et al. (2016b), it is urgent 

to also consider that water deficit can be caused or modified by changes in the hydrological 

cycle due to human activities, such as deforestation, urban expansion or interferences on the 

natural flow of water bodies (Figure 1.2). 

Figure 1.2 – Hypothetical description of the differentiation between natural drought events, 

and human-induced or -modified drought events. Simulated values (dashed line) are 

obtained by neglecting potential anthropic influences and comparing with observed values 

(solid line). It is important to note that anthropic effects can be either negative or positive. 

Adapted from Van Loon et al. (2016b). 

 

Although the influence of human activities on the propagation of drought events has 

been implicitly discussed in several studies throughout the years (VAN LOON et al., 2016b), 

this paradigm shift further highlights the human role on the occurrence of this climate events. 

In this context, the new adopted approach would refer to drought in the Anthropocene, or 

drought in the Age of Man. In the present thesis, the impact of human activities and changes in 

the environment on the occurrence of drought will be a central theme in the discussions, 

although not in an explicit manner as presented in Figure 1.2. 

Even though the conceptual model by Wilhite (2000) and Van Loon et al. (2016b) 

established a structured framework for the definitions and relations between different drought 

types, providing a dynamic character to this phenomenon, there is still the need to operationalize 
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these definitions. That is, to use objective methods to identify the onset, the duration and the 

severity of drought events of each typology. To this end, the most commonly used techniques 

are drought indices, derived from variables that represent each drought typology to be studied. 

However, the operational definitions of drought also have been through important changes as 

evidenced by the literature, which will be discussed next. 

A pioneering and relevant study that innovated on this issue was the study 

Meteorological Drought by meteorologist Wayne Palmer (PALMER; 1965). The author firstly 

argued that the operational definitions usually adopted at that time, such as: monthly 

precipitation below a certain normal threshold; period of consecutive dry days; or a condition 

where water supply cannot meet the demands, treated drought as an absolute concept and were 

based on arbitrary generalizations. Thus, Palmer (1965) purposely adopted a conceptual 

definition that is arbitrary and general: drought consists of an anomalous and prolonged 

moisture deficit. On the other hand, the author proposed the elaboration of an index – the Palmer 

Drought Severity Index – (PDSI) that allows an objective calculation of the magnitude and 

duration of this moisture deficit based on a simplified water balance. Thus, he derived an 

objective and replicable operational definition with a physical sense from an arbitrary and 

general conceptual definition. It is important to note that the PDSI was developed through an 

exclusively meteorological perspective and the agricultural and hydrological aspects of drought 

should be treated as effects of the observed meteorological conditions (PALMER, 1965).  

Another important advancement on the operational identification of droughts can be 

identified in the study by Guerrero-Salazar and Yevjevich (1975). These authors proposed the 

application of the theory of runs, initially proposed by Mood (1940), in time series of variables 

representing water availability. The theory of runs consists of the identification of sequences of 

events (in this case, drought events), preceded or followed by different events (in this case, non-

drought events). For example, Figure 1.3 shows the behavior of a time series of a given 

precipitation index. In a given moment, an inferior threshold (X0) is reached, defining the onset 

of a drought event (T0). The event persists until its end (Tf) with a duration D as long as the 

value of the precipitation index remains below the established threshold. For each identified 

event, one can estimate its total severity (S – sum of the intensities s0 until sn) and magnitude 

(S/D). 
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Figure 1.3 – Graphical representation of the theory of runs applied to the identification of 

droughts by using a given index. X0 is the inferior threshold, T0 is the date of the onset of 

the drought event, Tf is the date of the end of the drought event, D is the duration of the 

event, s0 is the intensity of the event at its onset, and sn is its intensity at its end. 

 

A few years later, Dracup, Lee and Paulson Jr. (1980) proposed a systematic approach 

to the drought identification process in order to avoid generalizations. In this approach, the 

research must: (1) define the type of deficit to be studied (meteorological, agricultural or 

hydrological); (2) define the time scale (week, month, year); (3) define a threshold level 

(threshold that separates drought events from the rest of the time series); and (4) normalize data 

in order to allow the comparison between regions. In practical terms, the authors proposed a 

systematization of the process previously used by Palmer (1965) to create the PDSI, but also 

taking into account the theory of runs. This systematization was subsequently used in the 

elaboration of several drought indices. 

A review carried out by Niemeyer (2008) and expanded by Zargar et al. (2011) 

identified almost 150 different drought indices. The authors realized that they could be 

classified according to the drought type they were conceived to assess. For example, indices 

purely based on meteorological data such as precipitation and temperature are used to identify 

meteorological drought. Indices based on remote sensing data are normally used to monitor soil 

moisture conditions, that is, agricultural drought. There are also indices that combine 

information from different sources (meteorological, pedological and hydrological) to provide a 

single response value representing global drought conditions over a given region. 

However, this wide variety of available indices is not necessarily advantageous. In 

reality, it evidences a certain decentralization regarding drought studies and even a saturation 
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on the availability of indices (NIEMEYER, 2008), since several of those cannot be properly 

incorporated by the scientific community. As a first solution to this issue, the Lincoln 

Declaration on Drought Indices was elaborated (HAYES et al., 2011). The declaration was the 

final product of a meeting promoted by the World Meteorological Organization (WMO) with 

the participation of 54 drought researchers from 22 different countries. The objective of the 

meeting was to debate and discuss the different drought indices available, in order to elaborate 

specific consensual recommendations on the use of standard-indices for the identification and 

monitoring of meteorological, agricultural and hydrological drought. No consensus was 

reached for agricultural and hydrological droughts but the Declaration recommended, at that 

time, the use of the SPI (MCKEE; DOESKEN; KLEIST, 1993) as the standard index for the 

identification of meteorological drought. 

Among the final recommendations of the Lincoln Declaration, the development of 

drought early warning systems was encouraged (HAYES et al., 2011). An example of a 

successful integrated system which was implemented at the operational level is the Drought 

Monitor, which monitor the magnitude, the extension and the impacts of drought in the United 

States through the study of different drought indices, emitting alerts and aiding in the planning 

of response actions to crisis (SVOBODA et al., 2002). 

In Brazil, in 2012, several institutions articulated in order to develop and implement a 

Brazilian version of the Drought Monitor. In 2014, the Monitor de Secas was launched under 

the coordination of the Ministry of Integration, the National Institute of Meteorology (Instituto 

Nacional de Meteorologia – INMET) and the ANA (MARTINS et al., 2015). Systems that 

aggregate different indices are advantageous because they allow the systematic and global 

evaluation of drought, but usually do not present sufficient information to understand the 

specific impacts and the correlation between drought types (ESFAHANIAN et al., 2017), as 

shown in Figure 1.4. Nevertheless, the Monitor de Secas represents an invaluable tool for 

drought monitoring in Brazil. Indeed, this initiative complies not only with the recommendation 

of the Lincoln Declaration, but also with the historical need of the semiarid region of the NEB 

for tools and legal mechanisms that aid in drought management. 
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Figure 1.4 – Example of drought monitoring proposed by the Monitor de Secas for the 

month of November 2019. Adapted from FUNCEME (2019). 

 

The semiarid region of the NEB is historically afflicted by drought events that cause 

immeasurable losses to agriculture and human losses due to hunger, malnutrition, the 

dissemination of diseases and the intensification of migratory fluxes (MARENGO; TORRES; 

ALVES, 2017). Since the 1940s and 1950s, the Brazilian government has been adopting several 

policies to combat drought in the region, achieving different results (BURITI; BARBOSA, 

2018; MARENGO; TORRES; ALVES, 2017). The historically adopted policies include the 

delineation of strategic zones such as the Drought Polygon (BRASIL, 1946), which was 

eventually replaced by the Brazilian Semiarid (BRASIL, 1989), which in turn encompasses 

1262 municipalities in the NEB and in the Minas Gerais state as of its last update in 2017 

(BRASIL, 2017). Furthermore, several administration agencies were created with the objective 

of developing the NEB and the Brazilian Semiarid, such as the National Drought Prevention 

Works Department (Departamento Nacional de Obras Contra as Secas – DNOCS) and the 

Superintendence for the Development of the Northeast (Superintendência de Desenvolvimento 

do Nordeste – SUDENE). 
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However, the water policies usually adopted such as the construction of dams, barrages, 

and reservoirs in the region were not followed by management, inclusion and local development 

policies and, therefore, the expected development and transformation of the Brazilian Semiarid 

did not occur (BURITI; BARBOSA, 2018). In fact, in the last 70 years, expenses associated 

with drought combat and economic losses associated with its impacts remain extremely high, 

as shown in Table 1.1. 

Table 1.1 – Estimative of expenses and economic losses associated with drought events in the 

Northeast Brazil. Elaborated with data from Marengo, Torres and Alves (2017). 

Drought event Expenses/losses (dollars) 

1958 803 million 

1970 430 million 

1976 447 million 

1979-1983 7,8 billion 

2012-2015 6 billion 

Only in 1997, with the enactment of the National Water Resources Policy (BRASIL, 

1997), specific guidelines for the management of water resources in Brazil were elaborated. 

With this law, watersheds were now considered minimum planning units for water policies, and 

Watershed Committees assured the participation of different social agents in water governance 

(BURITI; BARBOSA, 2018; SIEGMUND-SCHULTZE et al., 2015). This new legal 

configuration allowed the implementation of large-scale inclusive water and drought policies 

that contemplated social technologies, such as the One Million Cisterns Program (Programa 

Um Milhão de Cisternas) (DIAS, 2013; GOMES; HELLER, 2016; LINDOSO et al., 2020). 

This program allowed the large-scale construction of water cisterns adapted to the Brazilian 

Semiarid conditions in the property of local subsistence farmers, assuring rainwater harvesting 

and the access to water even during unfavorable climate periods (BURITI; BARBOSA, 2018).  

Not only this, but the more social-oriented governments of Brazil during the 2000s and 

early 2010s were responsible for creating important social policies that also contributed to 

increase the semiarid population resilience and adaptive capacity to drought. The Bolsa Família 

cash transfer mechanism and food security programs such as the Brazilian Food Acquisition 

Program are known to have positively influenced semiarid local farmers living conditions 

(BEDRAN-MARTINS; LEMOS, 2017; MESQUITA; BURSZTYN, 2017). Nevertheless, the 

severe drought that occurred in 2012 in the region exposed fragilities in such programs 

regarding their effectivity during extreme climate events. Indeed, even with improved social 

conditions, severe drought events still play an important role in determining vulnerability in the 
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semiarid Brazil. This highlights the need to incorporate the environmental sphere into the design 

of specific social policies to the NEB and its semiarid region (MESQUITA; BURSZTYN, 

2017). 

Furthermore, recent studies have shown that despite the emergence of these water and 

social policies, there is still an important politic component associated with clientelism and the 

influence of local political powers (MILHORANCE et al., 2020). For example, despite the 

undeniable improvements derived from the One Million Cisterns Program, its long-term 

efficiency proved to be rather inconsistent due to the lingering of clientelist practices 

(LINDOSO et al., 2014, 2018; MILHORANCE et al., 2020). It does show, however, that the 

semiarid NEB is ready for the implementation of adaptation strategies to face drought in regions 

where the political influence is less prominent (LINDOSO et al., 2014), which could drastically 

reduce future expenses in remediating drought impacts while also improving social conditions. 

This is the overall context into which this thesis is situated. A context in which there is 

an urgent need for studies that contemplate the different physical aspects of drought but also 

for studies that do not exclude sociodemographic aspects from the discussion and the 

characterization of the different drought types. In the next section, an overall description of the 

main climate and vegetation features in the NEB will be discussed, which will be crucial for 

the understanding of the specific studies that compose the thesis. 

1.2. Main climate and vegetation features of the Northeast Brazil 

According to Köppen’s climate classification, the NEB region is under the influence of 

three major climates: semiarid, tropical and humid subtropical (ALVARES et al., 2014), as 

shown in Figure 1.5. However, different rainfall regimes are observed throughout its territory, 

as previously analyzed in different studies (DE OLIVEIRA; SANTOS E SILVA; LIMA, 2017; 

RODRIGUES et al., 2020; TINÔCO et al., 2018). These regimes are modulated by the acting 

of different atmospheric systems and the occurrence of drought is strongly related to these 

mechanisms.  

The southern and southwestern tropical portions of the NEB and the few neighboring 

humid subtropical areas (southern Bahia – BA state) are characterized by annual precipitations 

ranging from 1000 to 1300 mm with the wet season defined between November and March 

(BEZERRA et al., 2019, DE OLIVEIRA; SANTOS E SILVA; LIMA, 2017). Indeed, this is a 



39 

 

transition zone between the humid subtropical climate typical of the higher latitudes in Brazil 

and the semiarid NEB. 

Figure 1.5 – Scheme representing the main atmospheric systems causing rainfall in the 

Northeast Brazil: the Intertropical Convergence Zone (ITCZ), easterly wave disturbances 

(EWD), the South Atlantic Convergence Zone (SACZ) and frontal systems (FS); and its 

climate types according to Köppen’s classification. Adapted from Cavalcanti (2012) and 

Alvares et al. (2014). 

 

In these regions, rainfall is modulated mainly by the establishment of the South Atlantic 

Convergence Zone (SACZ) during the summer months (CAVALCANTI, 2012). The SACZ 

consists of the persistence of an elongated axis of clouds oriented in a northwest-southeast 

position from the south of the Amazon towards the coast of the Southeast region of Brazil 

(Figure 1.5) (NOGUÉS-PAEGLE; MO, 1997), being responsible for the occurrence of heavy 

rainfall over the state of Minas Gerais (MG) and the southern NEB (CAVALCANTI, 2012; DE 

OLIVEIRA; SANTOS E SILVA; LIMA, 2017). Frontal systems (FS) also act over this region 

(Figure 1.5) and are more frequent than the SACZ, although their effects in the occurrence of 

heavy precipitation rates are weaker (LIMA; SATYAMURTY; FERNÁNDEZ, 2010). Besides 

occurring separately, FS may also be responsible for the formation of the SACZ when a cold 

front remains stationary over the region and convective activity is maintained (ANDRADE; 

CAVALCANTI, 2018; NIETO-FERREIRA; RICKENBACH; WRIGHT, 2011). 
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The inlands of the NEB are characterized by a mostly semiarid climate, with annual 

rainfall rates ranging from 400 to 800 mm and the wet season usually lasting three to four 

months between February and May. In this region, rainfall is modulated mainly by the 

displacement of the Intertropical Convergence Zone (ITCZ) toward the south of the equator (~ 

4ºS, Figure 1.5) during said months (MARENGO et al., 2011; DE OLIVEIRA; SANTOS E 

SILVA; LIMA, 2017). Annual variations in the precipitated volume over this region are highly 

dependent on the intensity of the seasonal displacement of the ITCZ (HASTENRATH, 2012; 

CAVALCANTI, 2012). 

The western NEB (Maranhão state – MA and part of the Piauí state – PI) and its northern 

coast usually present higher rainfall rates due to sea breeze circulation and the formation of 

squall lines, also associated with the ITCZ (DE OLIVEIRA; SANTOS E SILVA; LIMA, 2017; 

DOS REIS et al., 2020). Similarly, the border between the Ceará (CE), Rio Grande do Norte 

(RN) and Paraíba (PB) states also represent a slightly wetter region if compared to the 

neighboring semiarid lands (Figure 1.5). In this particular region, the landscape and topography 

strongly favor the occurrence of orographic rainfall and local convection, thus characterizing 

an ‘oasis’ amidst the semiarid dryness (DE ANDRADE et al., 2016).  

The entire eastern coast of the NEB is marked by a tropical climate with annual rainfall 

ranging from 1000 to 1300 mm. In the northeastern coast rainfall occurs mainly during the 

winter, with a dry season established during summer (ALVARES et al., 2014). Besides the 

effect of sea breezes, heavy rainfall events in the region are mainly associated with easterly 

wave disturbances (EWD) that propagate from the Atlantic Ocean towards the coast of the NEB 

(Figure 1.5) (CAVALCANTI, 2012; GOMES et al., 2019; DE OLIVEIRA; LIMA; SANTOS 

E SILVA, 2013). In the southeastern coast however, there is no dry season due to the recurrent 

occurrence of upper tropospheric cyclonic vortices (UTCV) during the summer (DE 

OLIVEIRA; SANTOS E SILVA; LIMA, 2013). 

Furthermore, the entire NEB is marked by a high interannual variability in rainfall rates, 

with alternating dry years and years with heavy rainfall. This variability is mainly associated 

with teleconnection patterns observed between the occurrence of the aforementioned 

atmospheric systems and large-scale circulation mechanisms. Among these, the most influential 

to the occurrence of drought in the NEB are the El Niño Southern Oscillation (ENSO), the 

Atlantic Meridional Mode (AMM) and the Antarctic Oscillation or the Southern Annular Mode 

(AAO). 
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The ENSO refers to anomalous oceanic and atmospheric patterns associated with sea 

surface temperature (SST) over the Tropical Pacific. In its El Niño phase, an anomalous 

warming of the Eastern Tropical Pacific is observed, which leads to a displacement of the 

ascending branch of the Walker’s cell from the Amazon towards this portion of the ocean 

(Figure 1.6) (DE SOUZA; AMBRIZZI, 2002; UVO et al., 1998). Therefore, the descending 

branch of the Walker cell positions itself over the northern Tropical Atlantic (Figure 1.6), 

weakening the trade winds and influencing the positioning of the ITCZ, which displaces further 

north (HASTENRATH, 2012). This configuration inhibits convective activity over most of the 

Brazilian Semiarid and the northern portion of the NEB. Furthermore, Gomes et al. (2019) 

showed that the El Niño ENSO phase is also associated with a decrease in the propagation of 

EWD over the coastal NEB, thus also affecting rainfall rates over this region. 

Figure 1.6 – Effects of the El Niño Southern Oscillation phases on the Walker circulation 

and rainfall over the Northeast Brazil (NOAA, 2020). 

 

During La Niña years, the sea surface of the Tropical Pacific is anomalously cooler, 

which favors the stationary position of the ascending branch of the Walker cell over the Tropical 

Atlantic, strengthening trade winds and convective activity over this region (HASTENRATH, 

2012). Thus, during La Niña years, the opposite effects of the El Niño phase are observed over 

the NEB. That is, increased rainfall rates over most part of the semiarid lands and decreased 

rainfall over the eastern coast. 

The SST over the Atlantic also plays an important role on rainfall over the NEB, mainly 

influencing the semiarid region. The inter-hemispheric temperature gradient in the Tropical 

Atlantic, or AMM, influences the positioning of the ITCZ during the austral summer, which is 
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the wet season over the semiarid NEB (CAVALCANTI, 2012; HASTENRATH, 2012; DE 

OLIVEIRA; SANTOS E SILVA; LIMA, 2017). When sea surface over the Northern Tropical 

Atlantic is anomalously warmer, the ITCZ displaces further north (~ 4ºN a 5ºN), intensifying 

drought conditions in the NEB (Figure 1.7). Oppositely, when SST over the Southern Tropical 

Atlantic is anomalously warmer, the ITCZ displaces further south (~ 4ºS), increasing rainfall 

over the NEB (Figure 1.7). 

Figure 1.7 – Effects of the sea surface temperature (SST) gradient of the Tropical Atlantic 

Ocean on the positioning of the Intertropical Convergence Zone (ITCZ). Adapted from da 

Franca and Mendonça (2016). 

 

Finally, the AAO is characterized by the north-south displacement of the westerly winds 

belt located at middle and higher latitudes of the southern hemisphere (Figure 1.8). In its 

negative phase, the wind belt displaces further north. The effect of this oscillation is the northern 

displacement of the SACZ and the reduction of its intensity (CARVALHO; JONES; 

LIEBMANN, 2004; CAVALCANTI, 2012; ROSSO et al., 2018; ZILLI; CARVALHO; 

LINTNER, 2019). On the other hand, this northern positioning of the wind belts strengthens 

the southern subtropical jet, dislocating it further north (CARVALHO; JONES; AMBRIZZI, 

2005; REBOITA; AMBRIZZI; DA ROCHA, 2009). This configuration intensifies the 

propagation of FS and the formation of the SACZ in a northernmost position, increasing the 

occurrence of rainfall over the BA state and the southeastern coast of the NEB 
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Figure 1.8 – Effects of the positive and negative phases of the Antarctic Oscillation (AAO) 

on the positioning of the South Atlantic Convergence Zone (SACZ) over Brazil. 

 

This climate diversity in the NEB can be further observed by analyzing the surface 

response, which can be translated as a remarkable biodiversity distributed among four main 

biomes. The previously mentioned Caatinga, which is a seasonally dry tropical forest 

occupying approximately 53% of the NEB, and most of its semiarid region; the Cerrado, a 

savanna-type vegetation occupying roughly 30% of the NEB, mostly its western portions at the 

transition between the semiarid and more humid climates; the Amazon Forest occupying 7% of 

the NEB at the northwesternmost MA state; and the Atlantic Forest occupying most of the 

coastal region (10% of the NEB). The characterization that follows will focus on the Caatinga 

and Cerrado biomes, which are the most important and relevant for the NEB region. 

The Caatinga biome is characterized by a highly heterogeneous landscape composed 

by a mosaic of xerophyte deciduous trees and shrubs (CAMPOS et al., 2019; MUTTI et al., 

2019). These plants have adapted structures and mechanisms to survive in arid and semiarid 

regions where water stress is recurrent (DOMBROSKI et al., 2011). Until the beginning of the 

2000s decade, little was known of this ecosystem, which was believed to have a poor variety of 

species. Nowadays, the region is considered a hotspot of worldwide biodiversity (KOCH; 

ALMEIDA-CORTEZ; KLEINSCHMIT, 2017; LEAL et al., 2005). Rodrigues (2003), for 

example, found that a single dune system in the banks of the São Francisco river, representing 

0.8% of the total biome area, contained 37% of all lizard and amphibians known to inhabit the 

biome at that time. This fact shows the tremendous unexplored potential of this ecosystem, and 

how its discovery is still recent. 

The Cerrado biome, on the other hand, is also characterized by a mosaic of herbaceous 

species, shrubs and trees, with the predominance of species typical of savanna vegetations 
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(BATALHA; MONTAVANI, 2000; CAMACHO; VASCONCELOS, 2015). As the Caatinga, 

the Cerrado is also characterized by a rich biodiversity and currently is the second largest biome 

in Latin America (BEUCHLE et al., 2015; RATTER; RIBEIRO; BRIDGEWATER, 1997). 

However, both ecosystems have historically been through numerous transformations, 

whether by the suppression of native vegetation due to the expansion of agricultural lands 

(BARBOSA et al., 2019; LEAL et al., 2005; TEIXEIRA, 2010; TOMASELLA et al., 2018) or 

the intensification of desertification processes caused by the combination of human activities 

and global climate change (CUNHA et al., 2015; MARIANO et al., 2018). Indeed, recent 

studies showed that the Cerrado is the Brazilian biome which most suffers from the suppression 

of native vegetation due to the expansion of arable lands (BEUCHLE et al., 2015), while the 

Caatinga is the biome most vulnerable to the effects of climate change (MARENGO; TORRES; 

ALVES, 2017; TOMASELLA et al., 2018). 

It is worth mentioning that the soil in most of the semiarid and surrounding regions of 

the NEB presents low to moderate aptitude, with the predominance of shallow, sandy textures 

with low water retention capacity (CAMPOS et al., 2019). Because of these characteristics, the 

zones of agriculture expansion in the Cerrado, for example, undergo specific soil preparation 

practices, with the intense application of fertilizers and liming. These practices represent a risk 

to the ecosystem and the stability of nearby water bodies (FISCHER et al., 2018). The low 

aptitude of the soil in the semiarid region demands not only specific soil management practices 

but also the establishment of irrigation systems. This is usually carried out inadequately, 

contributing to the increase in soil salinization and desertification, and leading to low 

productivity (BARROS et al., 2016; COSTA et al., 2016; DE MORAES et al., 2018). 

The complex diversity of the physical aspects of the NEB associated with its previously 

discussed sociodemographic particularities highlights the importance of carrying out research 

in this region of Brazil. Furthermore, the theoretical and historical background established in 

this chapter reveals the relevant role of droughts in the territorial dynamics of the region. 

However, while regional scale drought studies are undeniably important, the complexity of the 

NEB geographical aspects also demands specific, multiple-scale studies in order to better 

comprehend and detail the dynamics of this phenomenon in the region.  
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CHAPTER 2: METEOROLOGICAL DROUGHT IN THE SÃO FRANCISCO 

WATERSHED 

The SFW is the main hydrological system in the NEB, encompassing an area of 

approximately 640,000 km² that comprises part of the Minas Gerais (MG) and Goiás (GO) 

states, almost the entire Bahia (BA) state, besides the Pernambuco (PE), Alagoas (AL) and 

Sergipe (SE) states (Figure 2.1), with an average streamflow of 2100 m³/s (SIMPSON, 1998). 

It is the largest watershed entirely located in the national territory, presenting four different 

climate regimes, three main biomes (BEZERRA et al., 2019; SANTOS; DE MORAIS, 2013), 

eight large capacity water reservoirs besides numerous minor dams (MARQUES; GUNKEL; 

SOBRAL, 2019), and important socioeconomic contrasts (SIEGMUND-SCHULTZE et al., 

2015).  

Its main water course has its source located at the Southeast region of Brazil, under the 

influence of a humid subtropical climate (ALVARES et al., 2014), transporting huge volumes 

of water throughout a considerable portion of the Brazilian Semiarid region (MANETA et al., 

2009), and finally reaching its mouth at the coast of the NEB. This configuration makes the 

SFW a strategic system for the development of the NEB and the Brazilian Semiarid. Among its 

strategic roles we can highlight power generation and agricultural production. In an average 

year, for example, approximately 70% of total power provided to the NEB is generated in 

hydroelectric power stations located in the SFW such as the Sobradinho and Itaparica power 

plants (DE JONG et al., 2018). Regarding agriculture, the region is considered a strategic 

irrigation pole, which consumes roughly 76% of total water resources of the basin (CBHSF, 

2016). In fact, irrigated agriculture is an activity in expansion in the region. In the last decade 

an increase of approximately 87% was observed in irrigated lands, especially in the lower-

middle portion of the basin, which is under the influence of a semiarid climate (CBHSF, 2016). 

It is worth highlighting that the importance of the watershed is not limited to the regional scale: 

its total gross domestic product in 2015 was of approximately R$ 550 billion (U$ 167 billion at 

the currency rate of that time), which accounted for 9.1% of total national gross product that 

year (IPEA, 2015). 

However, the multiple water uses in the basin inevitably lead to recurrent conflicts for 

the use of its resources (DE JONG et al., 2018; HUNT; DE FREITAS; PEREIRA JR., 2016; 

MANETA et al., 2009; MARQUES; GUNKEL; SOBRAL, 2019). Furthermore, an increase in 

consumptive water demands is expected due to the expansion of irrigated lands. This expansion 
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is further motivated and accelerated by the São Francisco Transposition Project, which consists 

of the construction of artificial channels transporting water from the main river towards 

semiarid regions outside its watershed (BEZERRA et al., 2019; STOLF et al., 2012).  

Figure 2.1 – Climate types in the São Francisco watershed and mean climatological 

behavior for each subregion: Upper São Francisco – USF; Middle São Francisco – MSF; 

Lower-middle São Francisco – LMSF; and Lower São Francisco – LSF. Adapted from 

Alvares et al. (2014) and Maneta et al. (2009). 

 

In fact, this increase in water demands over the SFW has already been associated to a 

reduction in the frequency of occurrence of high streamflow rates in its water bodies 

(ANDRADE E SANTOS; POMPEU; KENJI, 2012). Furthermore, recent studies indicated a 

decrease in precipitation rates over part of the SFW, as well as increasing temperature trends in 

the region, which leads to more aridity (BEZERRA et al., 2019; DUBREUIL et al., 2019; 

SANTOS et al., 2018). Studies projecting future climate change scenarios also reported an 
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increase in mean temperature and a considerable reduction in rainfall rates over the SFW until 

the end of the century (MARENGO et al., 2012). 

In this context, it is evident that drought studies on the SFW are crucial to provide a 

better understanding of the relationships between the physical aspects of the basin and its 

impacts on the local population. Not only this, but the watershed presents itself as an interesting 

study subject due to its climate diversity and continental dimensions. Indeed, several studies 

have been developed in the SFW with specific objectives regarding drought assessment: water 

balance studies at the sub-basin scales (DE ASSIS et al., 2017; DOS SANTOS et al., 2018; 

LOPES et al., 2017), studies using standardized drought indices at specific sites in the basin 

(DOS SANTOS et al., 2019; SANTOS et al., 2017, 2019), studies on hydrometeorological 

aspects of drought (MARTINS et al., 2018; SUN et al., 2016); and studies describing the links 

between rainfall deficit and large-scale circulation patterns (PAREDES-TREJO et al., 2016). 

In this second chapter of the thesis, we aim to characterize the incidence of 

meteorological drought at the entire SFW extension while addressing specific methodological 

issues. This chapter comprises two complementary studies. 

In the first part (Chapter 2A): “Assessment of gridded CRU TS data for long-term 

climatic water balance monitoring over the São Francisco watershed, Brazil” we deal with 

the lack of consistent, gapless, long-term meteorological data with good spatial coverage in the 

basin. To that end, we provide a thorough validation of gridded CRU TS rainfall and PET data, 

exploring its spatial correlations with the available observational data. We also compare the 

performance of the proposed dataset in detecting and representing observed long-term trends 

(75 years: 1942-2016). 

In the following sub-chapter (Chapter 2B): “Drought characterization in the São 

Francisco watershed using the climatic water balance: methodological aspects and 

spatiotemporal dynamics”, the previously validated CRU TS data are used in a simplified 

water balance in order to estimate de deficit of evaporation (DE), which is used as a drought 

index. However, we first propose a methodological discussion regarding the popular use of 

standardized drought indices (such as the SPI and the SPEI) to assess drought in semiarid 

watersheds, showing the advantages of using non-standardized water balance methods such as 

the DE. The long-term spatial mean monthly behavior of the DE is then evaluated, as well as 

its anomalous patterns. Trends in the frequency of occurrence of water deficits and in the 
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expansion of drought-afflicted areas are also assessed, as well as the spatial patterns associated 

with the effects of large-scale circulation systems. 

In both studies we considered the four subregions of the SFW, which were previously 

defined by public agencies based on their physiographic characteristics in order to facilitate 

watershed management (SIEGMUND-SCHULTZE et al., 2015). They are: the Upper São 

Francisco (USF – 16% of the total basin extension), comprising the source of the river at the 

Serra da Canastra in Minas Gerais (MG) until the limits of the Brazilian Semiarid region; the 

Middle São Francisco (MSF – 63% of the total basin extension), encompassing the northern 

Minas Gerais (MG) state and the entire western portion of the Bahia (BA) state until the limits 

of the Pernambuco (PE) state; the Lower-middle São Francisco (LMSF – 17% of the total basin 

extension), comprising the driest portions of the basin until the coast; and the Lower São 

Francisco (LSF – 4% of the total basin extension) which comprises the coastal portion of the 

SFW and its mouth between the Alagoas (AL) and Sergipe (SE) states (Figure 2.1). It is worth 

mentioning that this subdivision was updated in 2016 by the Watershed Committee in such a 

way that the USF now extends until the limits of the Minas Gerais (MG) state, with the 

consequent reduction in the area of the MSF (CBHSF, 2016). However, since the analysis in 

this chapter is based on time series limited at 2016, we opted to keep the original subdivision 

in order to facilitate discussions and comparison with other studies in the literature. 
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Chapter 2A: Assessment of gridded CRU TS data for long-term climatic water balance 

monitoring over the São Francisco watershed, Brazil 

Article published in the Atmosphere journal (BRAZILIAN QUALIS B1; SCIMAGO JR 

Q3; JCR: 2.046) 

MUTTI, P. R.; DUBREUIL, V.; BEZERRA, B. G.; ARVOR, D.; DE OLIVEIRA, C. 

P.; SANTOS E SILVA, C. M. Assessment of Gridded CRU TS Data for Long-Term Climatic 

Water Balance Monitoring Over the São Francisco Watershed, Brazil. Atmosphere, v.11, n. 

1207, p. 1-25, 2020. Doi: https://doi.org/10.3390/atmos11111207. 

Abstract: Understanding the long-term behavior of rainfall and potential evapotranspiration 

(PET) over watersheds is crucial for the monitoring of hydrometeorological processes and 

climate change at the regional scale. The São Francisco watershed (SFW) in Brazil is an 

important hydrological system that transports water from humid regions throughout the 

Brazilian semiarid region. However, long-term, gapless meteorological data with good spatial 

coverage in the region are not available. Thus, gridded datasets, such as the Climate Research 

Unit TimeSeries (CRU TS), can be used as alternative sources of information, if carefully 

validated beforehand. The objective of this study was to assess CRU TS (v4.02) rainfall and 

PET data over the SFW, and to evaluate their long-term (1942–2016) climatological aspects. 

Point-based measurements retrieved from rain gauges and meteorological stations of national 

agencies were used for validation. Overall, rainfall and PET gridded data correlated well with 

point-based observations (r = 0.87 and r = 0.89), with a poorer performance in the lower 

(semiarid) portion of the SFW (r ranging from 0.50 to 0.70 in individual stations). Increasing 

PET trends throughout the entire SFW and decreasing rainfall trends in areas surrounding the 

semiarid SFW were detected in both gridded (smoother slopes) and observational (steeper 

slopes) datasets. This study provides users with prior information on the accuracy of long-term 

CRU TS rainfall and PET estimates over the SFW. 

Keywords: potential evapotranspiration; precipitation; Brazilian Semiarid region; climate 

change; climate trends 

2.1. Introduction 

Precipitation and PET are among the most important meteorological variables related to 

the water and energy cycles that regulate climate worldwide. In a global climate change context, 

evidence indicates that long-term changes in these variables are leading to important impacts 
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in agriculture, water resources management, and ecosystems dynamics in general (ARORA, 

2019; FOLBERTH et al., 2020; NELSON et al., 2014; ROSENZWEIG et al., 2014). Therefore, 

their consistent and reliable monitoring is crucial to understand past, present, and future climate 

behavior. This is particularly important in regions that are more vulnerable to climate change, 

such as arid and semiarid regions, which are sensitive to small shifts in precipitation and PET 

patterns (HUANG et al., 2016). 

Given the high spatial variability of rainfall, long-term point-based measurements 

should be carried out with a good spatial coverage in order to account for as many physical 

factors as possible, such as elevation and the influence of nearby geographical elements (HENN 

et al., 2018; MICHOT et al., 2018; SHI; LI; WEI, 2017). This is usually less important for PET, 

since it is generally more spatially homogeneous, but having consistent, long-term, gapless PET 

data series is still a challenge (ALEMAYEHU; VAN GRIENSVEN; BAUWENS, 2016). 

Actually, dense meteorological networks with high-quality historical series of data are 

restricted to only a few regions of the globe (HARRIS et al., 2014). In arid and semiarid regions, 

the existence of extensive natural areas and the harsh climate conditions impose additional 

difficulties to the installation and management of measuring networks (CHEN et al., 2008; 

WAGNER et al., 2012). 

In this context, several global and regional gridded datasets were developed either by 

interpolation of existent data and/or the assimilation of satellite data, such as the CRU TS by 

the Climate Research Unit at the University of East Anglia (HARRIS et al., 2014, 2020), the 

reanalysis product of the Global Precipitation Climatology Centre (GPCC) operated by the 

German meteorological service under the auspices of the WMO (SHAMM et al., 2014), the 

Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS) by the Climate 

Hazards Center of the University of Santa Barbara (FUNK et al., 2014), or even satellite-

derived databases such as the Tropical Rainfall Measuring Mission (TRMM) products 

(HUFFMAN; BOLVIN, 2015). However, these datasets still carry uncertainties and should 

undergo careful validation before being considered for use in climate and environmental 

studies. 

In fact, different precipitation and PET gridded datasets have been thoroughly validated 

in many regions of the globe, presenting a good overall performance in hydrometeorological 

studies in: China (CRU TS: SHI; LI; WEI, 2017; GPCC precipitation: MA et al., 2009), the 

Philippines (CRU TS: SALVACION et al., 2018), the European Alps (ERA-Interim: 
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PRÖMMEL et al., 2010), the Caribbean (CRU TS and GPCC: JONES et al., 2016), Central 

Asia (CRU TS and GPCC: MALSY et al., 2015), and even at the global scale (CRU 

TS:THORNE et al., 2016). 

In Brazil, validation results for CHIRPS rainfall data indicated that the product 

performed worse in semiarid areas of the Northeast region (PAREDES-TREJO; BARBOSA; 

KUMAR, 2017). TRMM daily data was validated for the Amazon region, with the satellite 

product performing worse in the dry season (MICHOT et al., 2018), and for the NEB, with 

overall good results, except in the coastal zones (RODRIGUES et al., 2020). Xavier, King and 

Scanlon (2016) also developed and validated gridded PET and precipitation data for Brazil. 

They reported that performance was better in recent years due to the expansion of the measuring 

network, and also that the gridded product performed worse over basins with lower station 

density such as the Amazon and the São Francisco. Furthermore, the studies by Paredes-Trejo, 

Barbosa and Kumar (2017) and Xavier, King and Scanlon (2016) expose one of the main issues 

regarding point-based surface monitoring of meteorological variables in the semiarid region of 

Brazil, which is the lack of long-term, gapless, and evenly distributed data, as also reported by 

Mutti et al. (2020) and Rodrigues et al. (2020). 

A limitation of CHIRPS, TRMM and Xavier’s databases is that they provide time series 

starting from the 1980s, which is long enough for climatological studies, but may not be 

sufficient for robust trend analysis or extreme events assessment (MUDELSEE, 2019). GPCC 

products provide long-term time series (more than 100 years) but, on the other hand, they 

consist of reanalysis data rather than interpolation of point-based measurements. In this context, 

CRU TS products stand out since they provide long-term interpolated data. 

In Brazil, the SFW is the largest hydrological system located entirely in the national 

territory, comprising an area of approximately 640,000 km2, with an average discharge of 2850 

m3 s−1 (BEZERRA et al., 2019; KOCH et al., 2018; MENDES et al., 2015). Most importantly, 

it transports water from the Southeast region of the country, characterized by a humid 

subtropical climate (~1300 to 2000 mm year−1), throughout part of the Northeast region of the 

country, characterized by a tropical semiarid climate (~500 mm year−1, occurring mostly from 

February to April). It is, therefore, a major provider of water resources for the semiarid region 

of Brazil, particularly with the eminent conclusion of the Transposition Project that derives 

water from the São Francisco River towards other semiarid areas outside the watershed 

(BEZERRA et al., 2019; MARQUES; GUNKEL; SOBRAL, 2019; STOLF et al., 2012). 
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Changes in rainfall patterns and in the atmospheric demand for water play a key role in 

defining water management policies in the SFW (CABRAL JÚNIOR et al., 2019; KOCH et al., 

2018; MARQUES; GUNKEL; SOBRAL, 2019; MENDES et al., 2015; STOLF et al., 2012) 

and in predicting potential climate change in the region (AVILA-DIAZ et al., 2020; 

MARENGO et al., 2012). Thus, long-term, evenly distributed rainfall and PET data are needed 

in order to ensure the development of high-quality hydrometeorological studies over this region. 

Studies using point-based observations or satellite data showed mostly nonsignificant 

decreasing trends in rainfall indices in the SFW (AVILA-DIAZ et al., 2020; BEZERRA et al., 

2019; SANTOS et al., 2018), although increasing aridity was observed in the semiarid portion 

of the basin when considering climate types derived from precipitation and temperature (which 

can be related to PET) surface data (DUBREUIL et al., 2019). It is important to note that rainfall 

time series measured by rain gauges in the semiarid portion of the SFW are highly 

heterogeneous, as previously reported (BEZERRA et al., 2019; COSTA et al., 2020), and yet 

large areas are not covered by the measuring network. Furthermore, future climate projections 

indicate increasing temperatures and a considerable reduction in rainfall rates over the SFW 

until the end of the century (MARENGO et al., 2012). 

Given the importance of the SFW, and also its climate vulnerability, the use of 

alternative tools such as gridded datasets should be encouraged in order to compensate the 

limitations of the existing measuring network and data. However, the accuracy and limitations 

of such tools in the SFW, and in any other particular region, must be thoroughly evaluated in 

order to guarantee its proper use and assessment. Thus, the objective of this study was to 

validate CRU TS precipitation and PET data over the São Francisco river basin, and to assess 

its main climatological features in comparison with point-based observed data. To this end, 

statistical assessment, trend analysis, and change-point detection was carried out considering 

three 25-year periods: 1942–1966; 1967–1991; 1992–2016, and the entire 1942–2016 period 

(75 years). Furthermore, the validation was conducted in four subregions of the SFW defined 

according to their geographical characteristics: upper São Francisco (USF), middle São 

Francisco (MSF), lower-middle São Francisco (LMSF), and lower São Francisco (LSF). 

2.2. Material and methods 

Gridded monthly precipitation and PET data from the CRU TS version 4.02 were 

compared with observational point-based data measured in rain gauges and meteorological 

stations located in the SFW. The source, characteristics and quality control of the data will be 
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described in the following sections. Data were compared over the period from 1942 to 2016 (75 

years), which was defined based on observed data availability. A longer period could have been 

considered, but with less spatial representativeness and less data for validation. 

2.2.1. CRU TS v4.02 data 

The CRU TS v4.02 dataset comprises the fourth version of the gridded product 

developed by the Climate Research Unit of the University of East Anglia. It includes a number 

of variables (precipitation, mean temperature, vapor pressure, daily temperature range, PET, 

among others) disposed in a global (excluding Antarctica) 0.5° × 0.5° grid (~56 km) over the 

period from 1901 to 2017, obtained through the interpolation of monthly data retrieved from 

the archives of the WMO (HARRIS et al., 2014, 2020). The CRU TS grid for the SFW is shown 

in Figure 2.2. 

It is worth mentioning that the CRU TS dataset provides PET data calculated through 

the Penman–Monteith equation, which takes into consideration elements of the energy balance. 

Because of this, the proper evaluation of the product would be difficult to carry out, due to the 

lack of the necessary measured data (vapor pressure, cloud cover and static wind field) in the 

SFW. Thus, we decided to estimate Thornthwaite’s PET from mean monthly temperature data. 

It should be noted that we do not intend to discuss the pros and cons of Thornthwaite’s 

method to estimate PET, as it has been thoroughly discussed in several studies (BEGUERÍA et 

al., 2014; LOFGREN; HUNTER; WILBARGER, 2011; ZHANG; HE, 2016). Rather, we 

decided to use it as representation of potential atmospheric demand for water (in opposition to 

precipitated water) in broader climate terms. Indeed, these studies showed that the Penman–

Monteith method undoubtedly retrieves better PET estimates, but temperature-derived PET 

(such as Thornthwaite’s method) provides reliable estimates for long-term annual cycle studies 

or drought assessment studies based on the climatic water balance. 
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Figure 2.2 – Location of the measuring stations used in the study and the CRU TS dataset 

grid (0.5° × 0.5°. USF: Upper São Francisco; MSF: Middle São Francisco; LMSF: Lower-

middle São Francisco; LSF: Lower São Francisco. 

 

2.2.2. Point-based measurement data 

Monthly rainfall and mean air temperature data were obtained from rain gauges 

monitored by the ANA, meteorological stations of the INMET, and surface stations compiled 

in the Global Historical Climatology Network (GHCN) database. All stations and gauges 

located within the boundaries of the SFW plus an additional buffer of up to 60 km 

(approximately equivalent to one CRU TS grid) were selected. A total of 171 point-based series 

were selected for the evaluation of rainfall data, and 57 series were selected for the evaluation 

of PET (Figure 2.2). 

2.2.3. Thornthwaite’s potential evapotranspiration 

PET (mm) was derived from temperature values (°C) through Thornthwaite’s classical 

method. Monthly PET was estimated based on temperature as follows (THORNTHWAITE, 

1948; WILM et al., 1944): 
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𝐸𝑇𝑃 =  {
16(10 𝑇𝑚 𝐼⁄ )𝑎,                                                         0 ≤ 𝑇𝑚 ≤ 26.5 °𝐶

−415.85 + 32.24𝑇𝑚 − 0.43𝑇𝑚
2 ,                                  𝑇𝑚 ≥ 26.5 °𝐶

 (1) 

where ETp is the noncorrected standard PET, Tm is mean monthly air temperature (ºC), and the 

parameters I and a are calculated as: 

𝐼 = ∑(𝑇𝑚,𝑖 5⁄ )1.514

12

𝑖=1

 (2) 

and, 

𝑎 = 6.75 × 10−7𝐼3 − 7.71 × 10−5𝐼2 + 1.79 × 10−2𝐼 + 0.49 (3) 

Since ETp represents PET that would occur in the thermal conditions of a standard month 

with 30 days and a photoperiod of 12 h, it needs to be corrected for each month, as follows: 

𝑃𝐸𝑇 = 𝐸𝑇𝑃[(𝑁𝐷 30⁄ )(𝑁 12⁄ )] (4) 

where ND is the number of days in the corresponding month, and N is the mean 

photoperiod in that month. These correction factors can be found in tables presented in several 

studies, such as the classical Thornthwaite’s work (THORNTHWAITE, 1948). 

2.2.4. Observed data quality control 

Observed data went through careful quality control before being used as reference for 

the evaluation of the gridded dataset. Each time series was firstly screened by removing all 

monthly data outside the ±3.5 standard deviation threshold and all duplicated values in adjacent 

months (CHAPMAN, 1999; PAREDES-TREJO; BARBOSA; KUMAR, 2017). Then, the 

homogeneity of the time series was assessed by means of the Standard Normal Homogeneity 

Test (SNHT) developed by Alexandersson (1986). The SNHT was used in order to identify 

potential rupture points in the series, which could indicate, for example, that the station has 

been displaced. For each observation i two averages are calculated: one for the k months before 

the observation i, µ1k; one for the k months after the observation i, µ2k. The statistic of the SNHT 

(Ti) is then calculated as follows: 

𝑇𝑖 = [(𝜇1𝑘,𝑖 − 𝜇𝑖)
2 + (𝜇2𝑘,𝑖 − 𝜇𝑖)

2] 𝑘 𝜎𝑖
2⁄  (5) 
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where µi is the mean between µ1k,i and µ2k,i, and σi is the standard deviation in the period 

of k months before and after the observation i. If the peak values of Ti for a given observation 

are higher than a threshold, these points are marked as potential rupture points in the time series. 

Although the threshold value of Ti should depend on the number of observations in each 

evaluated time series, studies show that it varies from 9 to 10.6 for series with 36 to 900 

observations with a 95% confidence level (KHALIQ; OUARDA, 2007). Since monthly data in 

the present study comprises a period of 75 years (maximum of 900 observations), we adopted 

a Ti threshold value of 10 for each time series. The value of k was set to 60 (5 years) for 

temperature time series and 120 (10 years) for rainfall time series, since the latter are more 

heterogeneous and with higher variability. 

Finally, each time series was visually analyzed with the aid of the Ti statistic, removing 

nonhomogeneous portions of the series. Overall, we retained the most recent portion of the 

series, i.e., values measured after the detection of a rupture point, as it is conventionally carried 

out in similar studies (DOMONKOS, 2013). Figure 2.3 shows an example of the analysis using 

the SNHT for one rainfall time series. 

Percentage of gaps was not considered as an exclusion criterion, and therefore, no gap 

filling procedure was carried out. The objective was to compare CRU TS data with as many 

reliable and consistent available point-based data as possible. The description and 

characterization of all observed data used in the study are fully presented in the Supplementary 

Materials (Table 2.S1, Table 2.S2 and Table 2.S3; Figure 2.S1, Figure 2.S2), including source, 

latitude, longitude, elevation, total number of observations, percentage of gaps, and data 

removed in each step of the quality control. 
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Figure 2.3 – Example of the visual analysis of time series with the aid of the standard 

normal homogeneity test (SNHT) statistic (Ti) to find potential heterogeneities in data. 

 

2.2.5. Statistical assessment 

2.2.5.1. Spatial and temporal units of analysis 

The entire study period comprised 75 years from 1942 to 2016, as previously mentioned. 

However, CRU TS data were also evaluated in three distinct 25-year periods: 1942–1966, 

1967–1991, and 1992–2016. Such a procedure was carried out in order to measure the accuracy 

of the gridded dataset throughout the whole time series, verifying if data were better or worse 

represented in a particular period. Intervals of 25 years were chosen because they represent the 

closest interval to climatological normals, into which the full 75-year time series could be 

divided. 

The evaluation was carried out for the entire SFW considering the four previously 

mentioned subregions: USF, MSF, LMSF, and LSF (Figure 2.2). By doing so, it was possible 

to identify if there is a particular region under specific climate conditions where CRU TS data 

is more or less accurate. For that end, Table 2.1 shows the main climate features of each 

subregion and also the number and density of stations selected for evaluation. 
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Table 2.1 – Rainfall and potential evapotranspiration (PET) climatological characteristics and 

number of measuring stations selected in the subregions of the São Francisco Watershed. 

USF: Upper São Francisco; MSF: Middle São Francisco; LMSF: Lower-middle São 

Francisco; LSF: Lower São Francisco. 

Subregion 
Köppen’s 

Climate Type 

Mean Annual 

Rainfall (Wet 

Months) 

(mm) 

Mean 

Annual 

PET (mm) 

No. of Rainfall 

Stations/Density × 10−3 

(Station km−2) 

No. of Temperature 

(PET) Stations/Density × 

10−3 (Station km−2) 

USF Cwa/b–humid 

subtropical with 

dry winter 

1400 (Oct–

Mar) 

1100 48/0.48 13/0.13 

MSF Aw–tropical 

with dry winter 

1100 (Nov–

Mar) 

1300 82/0.20 28/0.07 

LMSF Bsh–dry 

semiarid 

600 (Jan–Apr) 1500 28/0.25 10/0.09 

LSF As–tropical with 

dry summer 

900 (Mar–Jul) 1400 13/0.51 6/0.24 

Total - - - 171/0.27 57/0.09 

Previous studies showed that station’s elevation can be an important source of 

uncertainty in CRU TS rainfall data (SHI; LI; WEI, 2017), particularly above 3800 m. Since 

maximum altitude in the SFW is of approximately 1500 m (Figure 2.2) and topography is 

generally nonheterogeneous, no specific evaluation regarding altitude was carried out. 

2.2.5.2. Accuracy measurement 

The Pearson’s correlation coefficient (r) was calculated between each CRU TS grid and 

each station within that grid, if any. In some cases, multiple stations were located within the 

same grid (as seen in Figure 2.2). In these situations, r was calculated for each station 

individually in order to identify how well CRU TS grids capture small scale nuances and 

variability in observed data due to spatial heterogeneity. The correlation between all available 

data was also computed for each subregion and for each period. 

Furthermore, the monthly root mean square error (RMSE) and percent bias (PBIAS) 

were calculated considering the mean CRU TS and point-based rainfall and PET time series in 

each subregion (mean between all grids or stations within each subregion). The monthly 

reliability of the CRU TS datasets in each 25-year period was also evaluated based on the 

relative RMSE value. When RMSE is less than 50% of the mean observed value in a given 

month, the CRU TS estimates are considered reliable in relative terms (ADEYEWA; 

NAKAMURA, 2003; FRANCHITO et al., 2009). 

The RMSE and the PBIAS were computed as follows (WILKS, 2006): 
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𝑅𝑀𝑆𝐸 = (
1

𝑛
∑(𝐸𝐶𝑅𝑈,𝑖 − 𝑂𝑖)

2

𝑛

𝑖=1

)

1 2⁄

 (6) 

where ECRU refers to CRU TS data, O refers to point-based observed values, n is the total 

number of compared pairs, and: 

𝑃𝐵𝐼𝐴𝑆 = 100
Σ𝑖=1

𝑛 (𝐸𝐶𝑅𝑈,𝑖 − 𝑂𝑖)

Σ𝑖=1
𝑛 𝑂𝑖

 (7) 

2.2.5.3. Trend test and change-point detection 

Trends in CRU TS rainfall and PET data were compared with trends in point-based data, 

considering the mean time series in each subregion. Series were pre-whitened (12-month 

moving average) in order to remove autocorrelation, and then linear trends were estimated 

through the least squares method (SIMMONS et al., 2004). The significance of the trend slopes 

was calculated through Student’s t-test (p < 0.01). Furthermore, the Pettitt change point 

detection test (PETTITT, 1979) was used to identify the exact year where a significant shift in 

the central tendency in the time series occurred, which was also compared between gridded and 

point-based measurements. When used in climate data, the Pettitt’s test indicates the 

approximate period when a significant change is observed in the mean behavior of a given 

meteorological variable. We also compared the slope of the trend in each grid of the CRU TS 

databases with point-based trends in observational data. In this case, we selected only one 

station per grid point with a significant trend (p < 0.01), and only stations with consistent data 

throughout the entire studied period. 

2.3. Results 

2.3.1. Overall spatial and temporal performance 

Figure 2.4 shows an overall strong correlation between CRU rainfall data and surface 

observations during the entire 75 years of the time series (r = 0.87). Individual correlations were 

mostly higher than 0.80 throughout the USF, MSF, and part of the LMSF. Only the transition 

zone between the LMSF (semiarid region) and the LSF (tropical coastal region) presented a 

few stations with which CRU data were weakly or moderately correlated (between 0.50 and 

0.70). 
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Figure 2.4 – Point-based correlation between observational precipitation data and CRU TS 

gridded data considering the 75 years period (1942–2016), and three 25 years periods 

(1942–1966; 1967–1991; 1992–2016). Overall correlation (r) and total number of stations 

(n) in each period are shown at the top of each map. USF—upper; MSF—middle; LMSF—

lower-middle; LSF—lower São Francisco watershed. 

 

Regarding the three 25-year periods, a noticeable increase in available stations can be 

observed from 1967 onwards. Overall, rainfall was best represented by the CRU TS dataset 

during the period from 1967–1991, when correlations below 0.80 were observed with only 12 

out of the 168 stations. On the other hand, the most recent period (1992–2016) was when CRU 
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TS data presented the weakest correlation (between 0.50 and 0.80) with almost all stations 

located in the LMSF and the LSF, although overall correlation was high (r = 0.87). Throughout 

the three periods, CRU TS data was mostly strongly correlated with observed data in the USF 

and MSF. 

These results are further detailed in Figure 2.5, which shows the scatter plot of CRU TS 

rainfall data and observed data in each subregion of the SFW and for each 25-year period. It 

can be noted that in all plots CRU data seems to frequently underestimate higher monthly 

rainfall values. Another overall observation is that increasing the sample size did not necessarily 

lead to a better fit of the linear relationship between datasets. 

Figure 2.5 – Scatter plot of CRU TS rainfall data versus observed data in the: USF—upper; 

MSF—middle; LMSF—lower-middle; LSF—lower São Francisco watershed. n indicates 

sample size and r indicates the correlation coefficient. The blue line indicates the 1:1 

rapport and the red line indicates the linear relationship between data. 

 

As previously hinted in Figure 2.4, the highest slope coefficients of the scatter plot fit 

lines were found for the period from 1967–1991 (0.85; 0.90; 0.78; 0.91 for the USF, MSF, 

LMSF, and LSF, respectively). This means than in this period, the CRU TS rainfall estimates 
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were less biased, and more correlated to observed data as evidenced by the correlation 

coefficients. The lowest slope coefficients (more frequent underestimations), however, were 

found in the most recent period, 1992–2016 (0.83; 0.81; 0.60; 0.72 for the USF, MSF, LMSF, 

and LSF, respectively), despite a larger available sample during these years. It is also worth 

mentioning that the differences between periods for the USF and MSF are much less prominent 

than for the LMSF and LSF. 

Regarding PET values calculated using CRU TS temperature dataset, results appear to 

be more consistent both spatially and temporally, despite a few isolated poorly correlated 

stations in 1942–1966 and 1967–1991. Figure 2.6 shows that both in the 75-year period and in 

the three 25-year subperiods, most of the CRU TS data were mostly strongly correlated with 

available stations (r > 0.80). Furthermore, good relationships between datasets are found 

throughout the entire SFW, with no particular subregion presenting a weaker or stronger 

correlation pattern. This result was expected, since temperature, and therefore Thornthwaite’s 

PET, is less variable in the region. 

The scatter plot between CRU TS temperature-derived PET and observed data (Figure 

2.7) shows that the gridded dataset tends to more frequently underestimate high PET values, 

while low PET values are slightly overestimated. This pattern is observed across all analyzed 

25-year periods and all subregions. It is also evident that low PET values in the LMSF (semiarid 

region) are more overestimated than in other regions. For example, the slope coefficient in the 

LMSF during 1992–2016 was 0.66, while in the USF, MSF, and LSF it was 0.74, 0.68, and 

0.72, respectively. 
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Figure 2.6 – Point-based correlation between observational Thornthwaite’s potential 

evapotranspiration data and CRU TS gridded data considering the 75 years period (1942–

2016), and three 25 years periods (1942–1966; 1967–1991; 1992–2016). Overall 

correlation (r) and total number of stations (n) in each period are shown at the top of each 

map. USF—upper; MSF—middle; LMSF—lower-middle; LSF—lower São Francisco 

watershed. 

 

Different to what was observed with rainfall data, correlation is higher during the first 

25-year period in the USF and LSF (r = 0.90) with the regression line better fitting to the 1:1 

ratio. During the two following periods, the slope of the scatter plot fit line does not seem to 
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have changed much in any subregion, even with the increase in sample size. Nevertheless, the 

correlation coefficient in the last period (1992–2016) is similar or higher than in the first period 

(1942–1966) in all subregions, except for the LMSF. 

Figure 2.7 – Scatter plot of CRU TS Thornthwaite’s potential evapotranspiration calculated 

using temperature data versus observed data in the: USF—upper; MSF—middle; LMSF—

lower-middle; LSF—lower São Francisco watershed. n indicates sample size and r 

indicates the correlation coefficient. The blue line indicates the 1:1 rapport and the red line 

indicates the linear relationship between data. 

 

2.3.2. Seasonal performance 

The seasonal performance of the CRU TS datasets was assessed based on the analysis 

of monthly RMSE and PBIAS. Regarding rainfall estimates, Figure 2.8 shows that the RMSE 

generally improves in the most recent periods of the 75-year time series in all subregions. Since 

the RMSE is scale-dependent, higher values are found during the wet months if compared to 

dry months. In the LMSF and LSF, RMSE was lower than 68 mm in all months during the 

period from 1967 until 2016. During dry months, RMSE varied from 4 mm (August 1942–1966 

in the MSF) to 34 mm (December 1942–1966 in the LSF). 
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Figure 2.8 – Monthly root mean square error (RMSE) and mean percent bias (PBIAS) of 

CRU TS rainfall and Thornthwaite’s potential evapotranspiration data in relation to 

observed data in the: USF—upper; MSF—middle; LMSF—lower-middle; LSF—lower São 

Francisco watershed. 

 

Indeed, by analyzing the PBIAS of CRU TS rainfall data in relation to the observational 

dataset, one can notice high biases in the dry season. In the USF, mean rainfall is overestimated 

up to 97.6% (July 1942–1966), 75.9% (August 1942–1966), and 63.7% (July 1992–2016). A 

similar result is found in the MSF; despite a remarkable improvement in the most recent years, 

overestimations can reach up to 134.7% in July (1992–2016). In the semiarid region (LMSF), 

systematic underestimations of up to 47.5% (August 1992–2016) were found despite the low 

RMSE. 

Regarding PET estimates, the behavior of monthly RMSE and PBIAS was more 

consistent and less important in all subregions and during all periods. RMSE ranged from 6.4 

mm month−1 in the LSF (August 1942–1966) to 26.8 mm month−1 also in the LSF (October 

1992–2016). PBIAS, on the other hand was higher in the LMSF, with overestimations of up to 

11.4% in July (1942–1966). 

Finally, Table 2.A1 (Appendix A, presented at the end of the manuscript before the 

references) shows the monthly observed and CRU TS rainfall mean (±standard deviation) for 

each 25-years period and each subregion. Furthermore, it indicates whether CRU TS estimates 

are reliable or not in each period based on the relative proportion of the RMSE in relation to 

the observed mean values. Overall, CRU TS rainfall estimates proved to be reliable in the wet 

season months of the USF and the MSF (approximately from October to March) in all period, 

except for 1942–1966 in the MSF. For the LMSF and the LSF, the RMSE analysis indicated 
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that the monthly rainfall estimates of the CRU TS dataset are unreliable since the RMSE was 

higher than 50% of the observed mean values. This result, however, should be taken with care 

since the relative RMSE value in dry periods are expected to be high, although absolute 

differences may not be so remarkable. For example, in June 1942–1966, CRU TS rainfall was 

of 3 ± 7 mm in the MSF, while observed rainfall was of 2 ± 6 mm, which is obviously a reliable 

estimate despite the relative RMSE lower than 50%. 

Similarly, Table 2.A2 (Appendix A, presented at the end of the manuscript before the 

references) shows the monthly observed and CRU TS Thornthwaite’s PET mean (± standard 

deviation) for each 25-year period and each subregion. In this case, the analysis of the RMSE 

indicated that the CRU TS product is reliable in all months, during the entire 75-years period 

and in all subregions. 

2.3.3. Trends and change-point comparisons 

Firstly, we compared the trends and change-points detected in the smoothed monthly 

mean time series of rainfall and PET derived from the CRU TS dataset and observational data 

(Figure 2.9). For the USF, the same change-points were identified in both datasets: December 

2012 and November 1993 for rainfall and PET, respectively. Furthermore, significant 

decreasing trends were found (Table 2.2) for both the entire rainfall time series (−1 mm 

decade−1) and from December 2012 to 2016 (−14 and −17 mm decade−1 for observed and CRU 

TS data, respectively). 

Regarding PET data, significant increasing trends were found in both datasets and in all 

portions of the time series (Figure 2.9 and Table 2.2). Indeed, the change rate in PET increased 

from 1 mm decade−1 until 1993 to 3 mm decade−1 in the last 25 years of the studied period. The 

mean PET in the two sections of the time series increased from 1092 mm (observational) and 

1036 mm (CRU TS) to 1165 mm (observational) and 1122 mm (CRU TS). 
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Figure 2.9 – Smoothed mean rainfall and potential evapotranspiration derived from point-

based observations and the CRU TS dataset in the: USF—upper; MSF—middle; LMSF—

lower-middle; LSF—lower São Francisco watershed. The linear trendline and the detected 

change-points are also indicated. 

 

In the MSF, an important change in behavior was identified by Pettitt’s test in the 

observed time series in March 1964 (Figure 2.9 and Table 2.2). Indeed, rainfall values increased 

after this year but subsequently presented a significant decreasing trend of −2 mm decade−1. 

For CRU TS rainfall data, a significant change-point was detected in October 1986, while the 

decreasing trend was significant only when considering the entire time series (−1 mm decade−1). 

Regarding PET in the MSF, similar change-points were detected in the two datasets: July 1987 

(observations) and July 1986 (CRU TS). Furthermore, significant increasing trends were found 

in both datasets, although in the observational data the overall change rate was of 8 mm decade−1 

compared to only 2 mm decade−1 for the CRU TS time series. 
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Table 2.2 – Summary of the trends and change-point detection analysis for observed and CRU 

TS rainfall and Thornthwaite’s potential evapotranspiration data in the: USF—upper; MSF—

middle; LMSF—lower-middle; LSF—lower São Francisco watershed. Statistically significant 

trend slopes and change-points (α = 1%) are highlighted in italic. 

Subregion  Change Point Period Annual Mean (mm) Slope (mm/Decade) 

USF     

Obs rainfall Dec/2012 Jan/1942–Dec/2016 1339 −1 

  Jan/1942–Dec/2012 1355 0 

  Dec/2012–Dec/2016 1056 −14 

CRU TS rainfall Dec/2012 Jan/1942–Dec/2016 1383 −1 

  Jan/1942–Dec/2012 1397 0 

  Dec/2012–Dec/2016 1120 −17 

Obs PET Nov/1993 Jan/1942–Dec/2016 1123 2 

  Jan/1942–Nov/1993 1092 1 

  Nov/1993–Dec/2016 1165 3 

CRU TS PET Nov/1993 Jan/1942–Dec/2016 1063 2 

  Jan/1942–Nov/1993 1036 1 

  Nov/1993–Dec/2016 1122 3 

MSF     

Obs rainfall Mar/1964 Jan/1942–Dec/2016 1006 1 

  Jan/1942–Mar/1964 913 11 

  Mar/1964–Dec/2016 1035 −2 

CRU TS rainfall Oct/1986 Jan/1942–Dec/2016 1103 −1 

  Jan/1942–Oct/1986 1138 0 

  Oct/1986–Dec/2016 1059 0 

Obs PET Jul/1987 Jan/1942–Dec/2016 1275 6 

  Jan/1942–Jul/1987 1171 8 

  Jul/1987–Dec/2016 1406 2 

CRU TS PET Jul/1986 Jan/1942–Dec/2016 1258 2 

  Jan/1942–Jul/1986 1219 1 

  Jul/1986–Dec/2016 1312 3 

LMSF     

Obs rainfall Jan/1964 Jan/1942–Dec/2016 557 0 

  Jan/1942–Jan/1964 520 −4 

  Jan/1964–Dec/2016 572 −3 

CRU TS rainfall Dec/1963 Jan/1942–Dec/2016 528 0 

  Jan/1942–Dec/1963 475 −1 

  Dec/1963–Dec/2016 552 −3 

Obs PET Jan/1993 Jan/1942–Dec/2016 1484 2 

  Jan/1942–Jan/1993 1445 0 

  Jan/1993–Dec/2016 1535 −1 

CRU TS PET May/1987 Jan/1942–Dec/2016 1467 1 

  Jan/1942–May/1987 1444 0 

  May/1987–Dec/2016 1500 1 

LSF     

Obs rainfall Jul/1979 Jan/1942–Dec/2016 785 −2 



69 

 

  Jan/1942–Jul/1979 866 5 

  Jul/1979–Dec/2016 720 1 

CRU TS rainfall Jul/1990 Jan/1942–Dec/2016 878 −1 

  Jan/1942–Jul/1990 928 2 

  Jul/1990–Dec/2016 803 1 

Obs PET May/1995 Jan/1942–Dec/2016 1269 6 

  Jan/1942–May/1995 1162 −1 

  May/1995–Dec/2016 1427 11 

CRU TS PET Jun/1987 Jan/1942–Dec/2016 1355 1 

  Jan/1942–Jun/1987 1333 0 

  Jun/1987–Dec/2016 1387 1 

Still regarding Figure 2.9 and Table 2.2, also similar change-points were found in the 

LMSF rainfall time series: January 1964 and December 1963, for the observations and CRU 

TS estimates, respectively. Both portions of the time series presented significant decreasing 

trends: −4 and −3 mm decade−1 for the observational data and −1 and −2 mm decade−1 for CRU 

TS data. Therefore, rainfall derived from the CRU TS dataset appears to decrease slightly 

smoother than observed data. Regarding PET data in the LMSF, nonsignificant change-points 

were found, while a significant overall increasing trend was found in both datasets. 

Finally, significant change-points at different periods were detected in the LSF (Figure 

2.9 and Table 2.2): July 1979 and May 1995, for observed and CRU TS rainfall data, 

respectively. In these series, significant decreasing trends of −2 and −1 mm decade−1 were found 

with a mean annual rainfall of 785 mm and 878 mm for observational and CRU TS data, 

respectively. At the same time, a remarkable significant increasing trend of 6 mm decade−1 was 

found for observed PET data. This increase reached up to 11 mm decade−1 in the period from 

May 1995 until the end of the series. CRU TS derived PET also presented significant increasing 

trends, but with a much less important change rate (1 mm decade−1). 

The spatial distribution of the significant trend slopes (p < 0.01) of CRU TS data is 

shown in Figure 2.10. For rainfall, negative trends are found in most part of the MSF, LSF and 

the northern portion of the USF. Additionally, positive trends are found in the southern portion 

of the USF. Overall, these results are similar to what was found with observed data, which also 

indicated negative trends in the same regions of the SFW, although with higher change rates. 

Furthermore, CRU TS data featured significant rainfall trends in large areas of the basin, while 

point-based significant trends are more heterogeneous and sparser. 

Regarding Thonrthwaite’s PET derived from the CRU TS dataset, significant trends 

were found in the entire SFW, indicating an increase in the atmospheric demand for water. 
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Indeed, observational data was also mostly significant, mainly in the LMSF and LSF while 

some stations in the MSF and USF presented non-significant trends. One station at the LMSF, 

near the Sobradinho reservoir, presented negative PET trend, which was not captured by the 

CRU TS dataset. The magnitude of the change rate is also stronger in observed data than in 

CRU TS data, particularly in the LMSF and the LSF. 

Figure 2.10 – Spatial distribution of the slope of the smoothed monthly rainfall and 

Thornthwaite’s potential evapotranspiration (PET) time series derived from the CRU TS 

dataset (only the grids with significant trends are plotted) and from selected stations. 

USF—upper; MSF—middle; LMSF—lower-middle; LSF—lower São Francisco 

watershed. 

 

2.4. Discussion 

In the first part of the study we assessed the overall spatial and temporal performance 

of the CRU TS dataset in representing monthly rainfall and PET (estimated from temperature 

data) over the SFW. 
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CRU TS rainfall data presented weaker correlation with observed data in the LMSF and 

the LSF, which is probably associated with the high spatial and temporal variability of 

precipitation in these regions. The LMSF is entirely located in the semiarid region of Brazil 

while the LSF comprises a transition zone between a semiarid environment and the coastal 

zone, with a more humid climate [30]. Thus, it is expected that interpolated datasets with 

relatively large spatial resolutions such as the CRU TS (~57 km) will perform worse in these 

regions. Previous studies have already reported a poorer performance of gridded datasets in 

regions of high rainfall variability such as semiarid zones in Pakistan (AHMED et al., 2019). 

PET data, on the other hand, presented more consistent results in spatial terms. Indeed, 

temperature and consequently Thornthwaite’s PET spatial and temporal patterns are less 

variable (MANETA et al., 2009a, 2009b). 

The scatter plot between data showed that rainfall CRU TS data generally underestimate 

higher rainfall and PET values, while low PET values are usually overestimated. This is 

probably associated with the smoothing of data which is inherent to interpolation techniques 

used to produce gridded datasets (HENN et al., 2018; PERSAUD et al., 2020). 

Results showed that the best correlations between data were found in the period from 

1967–1991, while the most recent period (1992–2016) presented slightly worst correlations. 

There are two potential explanations for this fact. Firstly, the density of the contributing stations 

with at least 75% of observations per decade for the development of the CRU TS product was 

higher in the second half of the 20th century than in the first decades of the 21st century 

(HARRIS et al., 2014). Thus, it is expected that a higher density of stations provides better 

interpolated estimates when comparing with point-based observations. Another explanation is 

associated with the aforementioned characteristic of gridded datasets of usually performing 

worse over semiarid and drier regions. The period from 1992–2016 comprised the worst 

drought event (2012–2016) registered in the semiarid region of Brazil (DE MEDEIROS; DE 

OLIVEIRA; TORRES, 2020; MARENGO et al., 2017), which may have also contributed to 

the poorer performance of the algorithm in this 25-years period, especially in the LMSF and 

LSF. 

The seasonal performance of the CRU TS datasets was assessed based on the monthly 

RMSE and PBIAS. Since the RMSE is scale-dependent, it was proportional to the overall 

magnitude of the assessed variables. Thus, higher rainfall RMSE are found during the wet 

season, while for PET it is rather stable throughout the year. The PBIAS, on the other hand, is 
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much more sensitive to lower values (dry season) but indicates the direction of the monthly bias 

(underestimation or overestimation of observed values). Thus, high PBIAS values should be 

interpreted with caution for the dry season, while high RMSE values should be interpreted with 

caution for the wet season. 

Results showed that CRU TS data generally overestimates rainfall during the dry season 

in the USF and MSF, while during the wet season estimations are reliable (RMSE < 50% of 

observed mean value). For Thornthwaite’s PET, CRU TS slightly underestimates (maximum 

PBIAS of −10%) observations during all months in the USF, MSF, and LSF, although the 

estimates are reliable. Therefore, when using CRU TS data to monitor temperature and 

temperature-derived PET, one should note that actual atmospheric demand for water is slightly 

higher in these regions. In the LMSF, however, results are the opposite, with actual PET being 

slightly slower than CRU TS derived PET. 

Monthly mean values of rainfall and PET derived from the CRU TS were comparable 

to those observed in surface stations. In the USF, higher rainfall rates were observed in the 

austral autumn and summer (October to March), mainly due to the development of the SACZ 

in the central portion of South America, encompassing the western and southern SFW 

(BEZERRA et al., 2019; CAVALCANTI, 2012; DE OLIVEIRA; SANTOS E SILVA; LIMA, 

2017). In the MSF, a similar pattern was observed, but with smaller rainfall rates since the 

region is larger and comprises the transition zone between the humid subtropical climate and 

the semiarid. 

In the northern portion of the SFW, the LMSF is under the influence of a semiarid 

climate, where rainfall is modulated mainly by the position of the ITCZ from February to May 

(BEZERRA et al., 2019; HASTENRATH, 2012), producing rainfall extreme events in that 

region (RODRIGUES et al., 2020). The LSF, on the other hand, presents a rainfall regime 

typical of coastal zones in the NEB (Köppen’s As–tropical with dry summer), with important 

rain events occurring from March to July, mainly due to the ITCZ, sea breezes, and the 

propagation of EWD (BEZERRA et al., 2019; DE OLIVEIRA; LIMA; SANTOS E SILVA, 

2013; GOMES et al., 2019). Regarding PET, seasonal variations are similar in all subregions 

of the SFW, although lower values are found in the higher latitudes of the basin (USF and 

MSF). 

For the assessment of long-term monitoring of the two components of the climatic water 

balance, trends and change-points of CRU TS data were compared to observed data. Regarding 
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regional mean time series, a general decreasing trend in rainfall and increasing trend in PET 

was observed in all subregions. Trends in both datasets presented the same sign, although 

observed data presented higher slopes, indicating that the actual balance between precipitation 

and PET may favor higher atmospheric demand for water in the future. In fact, the study by 

Marengo et al. (2012) already projected an increase of up to 1.5 °C in temperature and a 

decrease of up to 20% in rainfall over the SFW until 2040. These results were corroborated by 

De Jong et al. (2018). The smaller slopes in CRU TS data trends may also be related to the 

smoothing of data due to the interpolation procedure, which can be clearly visualized in Figure 

2.9. 

Remarkable positive trend slopes for PET time series were found in the MSF and LSF 

(6 mm decade−1). Curiously, these are the regions surrounding the semiarid portion of the basin 

(LMSF), which may indicate an expansion of arid zones towards regions under more humid 

climates. Indeed, Dubreuil et al. (2019) recently detected an expansion of the areas under 

semiarid climate in Brazil. 

These results are further confirmed by the spatial distribution of CRU TS and point-

based trend slopes presented in Figure 2.10. CRU TS data shows clear significant decreasing 

trends in rainfall over the MSF and LSF and an increase in the atmospheric demand for water 

throughout the entire watershed. The significance of point-based measures is more 

heterogeneous, which has been previously evidenced by Bezerra et al. (2019). It is also 

important to note that the negative rainfall trends observed in the LSF would not necessarily 

impact water availability in the São Francisco river, since it is located near its mouth. These 

changes, however, may influence the occurrence of rainfall extreme events in the region, which 

has been detected in previous studies (DE OLIVEIRA; SANTOS E SILVA; LIMA, 2017). 

Regarding point-based PET trends, a single isolated station presented a decreasing trend. 

In fact, this station is located downstream of the Sobradinho reservoir and the many irrigated 

perimeters that developed after the construction of the dam in the early 1980s. Previous studies 

have already assessed PET trends in this particular region, finding similar results and suggesting 

that the massive extension of the dam’s lake and the irrigated perimeters might have influenced 

local climate (CABRAL JÚNIOR et al., 2019). 

2.5. Conclusion 
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This study presented a thorough assessment of rainfall and PET (calculated through 

temperature data) derived from the CRU TS dataset in the SFW, an extremely important basin 

in Brazil that lacks long-term consistent observed data with good spatial coverage for these 

variables. The study comprised time series of 75 years (1942–2016), and the evaluation was 

carried out also considering three 25-years period (1942–1966, 1967–1991, and 1992–2016) 

and four subregions of the basin (USF, MSF, LMSF, LSF) with different climate characteristics. 

Overall, CRU TS data was strongly correlated with observational data, with maximum 

r equal to 0.88 in 1967–1991 for rainfall data and 0.89 in 1992–2016 for PET data. The spatial 

distribution of correlations indicated that the poorest performances (r ranging from 0.50 to 0.80) 

occurred in the LMSF and LSF regions, which are characterized by a semiarid climate and the 

transition to a humid coastal zone. 

The evaluation of monthly estimates showed that estimations of Thornthwaite’s PET 

obtained through CRU TS temperature data are reliable (RMSE < 50% of observed mean) in 

all months and in all subregions. Regarding rainfall data, CRU TS data was reliable for 

estimations derived during the wet months in the USF and MSF. In either case, results derived 

from analysis using these products must always be interpreted with caution. In fact, the present 

study strongly advocates that more in-depth assessment procedures should be carried out before 

using any gridded product for meteorological variables. Understanding the strengths and 

limitations of these datasets should be a first step in every study proposing their use. 

The trends detected in both datasets pointed towards the same direction: increasing PET 

in all subregions and decreasing rainfall mostly in the MSF and the LSF, the areas surrounding 

the semiarid portion of the SFW. However, the slope of the trends in observed data was steeper 

than in CRU TS data. 

In general, CRU TS data are consistent with observed data and their use should be 

encouraged, given that the actual conditions of available observed data in the region (as 

evidenced in Supplementary Figure 2.S1,Figure 2.S2) seriously limits consistent long-term 

hydroclimatological studies. However, the assessment provided in the present study should 

always be taken into consideration when using CRU TS rainfall and temperature data over the 

SFW. 

2.6. Supplementary materials - Summary of the observed data characteristics and 

quality control 
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Table 2.S1 – Summary of the main characteristics of the measuring stations selected in the 

study. ANA: National Water Agency; INMET: National Institute of Meteorology; GHCN: 

Global Historical Climatology Network; USF: upper São Francisco; MSF: middle São 

Francisco; LMSF: lower-middle São Francisco; LSF: lower São Francisco. n refers to the 

original sample size. The last two columns refer to the number of removed observations in 

each respective step. 

ID Source Lat. 

(ºS) 

Long. 

(ºW) 

Alt.[m] Subregion n Gaps 

(%) 

±3.5 sd 

filter 

SNHT 

PREC_1 ANA -8.3 -39.9 384 LMSF 636 29% 10 - 

PREC_2 ANA -8.2 -39.7 381 LMSF 650 28% 9 - 

PREC_3 ANA -8.8 -39.8 355 LMSF 584 35% 9 - 

PREC_4 ANA -8.6 -40.0 397 LMSF 648 28% 11 19 

PREC_5 ANA -9.0 -40.3 366 LMSF 883 2% 7 224 

PREC_6 ANA -9.2 -37.1 331 LSF 459 49% 4 - 

PREC_7 ANA -9.4 -37.3 287 LMSF 455 49% 2 281 

PREC_8 ANA -11.3 -42.3 499 MSF 523 42% 5 - 

PREC_9 ANA -11.9 -45.6 737 MSF 491 45% 6 - 

PREC_10 ANA -11.9 -45.1 614 MSF 515 43% 5 23 

PREC_11 ANA -12.4 -42.6 470 MSF 484 46% 4 - 

PREC_12 ANA -12.3 -42.8 464 MSF 523 42% 6 - 

PREC_13 ANA -12.9 -43.4 425 MSF 554 38% 7 - 

PREC_14 ANA -12.2 -43.2 430 MSF 717 20% 7 420 

PREC_15 ANA -12.1 -45.1 558 MSF 521 42% 6 - 

PREC_16 ANA -12.4 -45.1 543 MSF 524 42% 4 - 

PREC_17 ANA -12.4 -45.9 731 MSF 559 38% 6 - 

PREC_18 ANA -15.3 -43.7 484 MSF 648 28% 8 - 

PREC_19 ANA -15.8 -43.3 533 MSF 568 37% 7 - 

PREC_20 ANA -15.6 -44.4 459 MSF 497 45% 5 - 

PREC_21 ANA -15.9 -44.4 650 MSF 485 46% 3 - 

PREC_22 ANA -16.2 -44.4 766 MSF 481 47% 4 - 

PREC_23 ANA -16.3 -45.4 476 MSF 604 33% 8 - 

PREC_24 ANA -16.3 -45.2 495 MSF 714 21% 4 - 

PREC_25 ANA -16.1 -45.7 512 MSF 599 33% 5 - 

PREC_26 ANA -16.9 -45.4 489 MSF 666 26% 7 - 

PREC_27 ANA -16.8 -46.3 564 MSF 637 29% 6 - 

PREC_28 ANA -16.4 -46.9 651 MSF 601 33% 5 - 

PREC_29 ANA -16.5 -46.7 595 MSF 524 42% 4 - 

PREC_30 ANA -16.5 -46.7 595 MSF 476 47% 3 108 

PREC_31 ANA -16.2 -47.2 676 MSF 469 48% 4 42 

PREC_32 ANA -17.1 -45.9 497 MSF 563 37% 5 - 

PREC_33 ANA -17.1 -45.4 558 MSF 597 34% 7 - 

PREC_34 ANA -17.3 -45.5 589 MSF 422 53% 2 - 

PREC_35 ANA -17.3 -46.1 784 MSF 630 30% 5 - 

PREC_36 ANA -17.3 -46.5 530 MSF 615 32% 4 - 

PREC_37 ANA -17.7 -46.4 572 MSF 480 47% 6 86 

PREC_38 ANA -17.5 -46.6 537 MSF 525 42% 3 - 

PREC_39 ANA -17.8 -48.0 806 MSF 510 43% 5 - 

PREC_40 ANA -18.5 -45.7 777 MSF 569 37% 3 - 

PREC_41 ANA -18.3 -45.8 774 MSF 672 25% 3 - 

PREC_42 ANA -18.4 -45.5 794 USF 545 39% 5 - 

PREC_43 ANA -18.7 -46.4 866 USF 579 36% 4 - 

PREC_44 ANA -18.5 -46.9 979 USF 637 29% 6 - 
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PREC_45 ANA -18.3 -46.4 802 USF 694 23% 6 - 

PREC_46 ANA -19.2 -45.4 669 USF 495 45% 2 - 

PREC_47 ANA -8.1 -39.6 386 LMSF 392 56% 5 - 

PREC_48 ANA -8.5 -39.6 370 LMSF 469 48% 5 - 

PREC_49 ANA -9.1 -39.9 378 LMSF 476 47% 7 - 

PREC_50 ANA -9.5 -40.2 380 LMSF 517 43% 8 - 

PREC_51 ANA -11.0 -42.3 456 MSF 476 47% 46 - 

PREC_52 ANA -11.4 -42.3 479 MSF 465 48% 7 - 

PREC_53 ANA -12.8 -44.0 563 MSF 387 57% 5 - 

PREC_54 ANA -12.1 -45.8 755 MSF 387 57% 3 - 

PREC_55 ANA -12.8 -45.9 822 MSF 382 58% 3 - 

PREC_56 ANA -13.7 -45.4 765 MSF 412 54% 5 254 

PREC_57 ANA -15.6 -42.9 577 MSF 407 55% 5 - 

PREC_58 ANA -15.7 -44.3 504 MSF 397 56% 4 - 

PREC_59 ANA -16.4 -45.7 509 MSF 388 57% 4 - 

PREC_60 ANA -17.8 -45.5 825 MSF 355 61% 3 - 

PREC_61 ANA -17.4 -46.8 597 MSF 380 58% 3 90 

PREC_62 ANA -17.9 -47.1 660 MSF 457 49% 5 - 

PREC_63 ANA -17.6 -46.9 584 MSF 338 62% 4 - 

PREC_64 ANA -18.5 -44.6 622 MSF 331 63% - - 

PREC_65 ANA -18.2 -46.8 852 MSF 406 55% 3 - 

PREC_66 ANA -19.3 -45.3 633 USF 406 55% 1 - 

PREC_67 ANA -20.1 -46.1 775 USF 760 16% 2 - 

PREC_68 ANA -19.9 -43.9 827 USF 710 21% 3 66 

PREC_69 ANA -20.0 -44.2 817 USF 789 12% 1 - 

PREC_70 ANA -19.8 -45.2 747 USF 728 19% 8 115 

PREC_71 ANA -20.2 -44.1 815 USF 782 13% 2 - 

PREC_72 ANA -19.9 -43.7 961 USF 792 12% 3 - 

PREC_73 ANA -20.2 -44.8 777 USF 776 14% 3 - 

PREC_74 ANA -20.5 -43.8 985 USF 744 17% 2 114 

PREC_75 ANA -20.7 -44.1 911 USF 786 13% 2 - 

PREC_76 ANA -19.9 -44.4 818 USF 769 15% 7 - 

PREC_77 ANA -18.5 -43.7 1,112 USF 767 15% 6 - 

PREC_78 ANA -20.0 -44.0 1,013 USF 789 12% 1 - 

PREC_79 ANA -20.2 -45.7 689 USF 746 17% 2 - 

PREC_80 ANA -20.5 -45.0 806 USF 780 13% 2 - 

PREC_81 ANA -20.1 -44.6 874 USF 604 33% 2 - 

PREC_82 ANA -19.5 -43.7 758 USF 775 14% 3 - 

PREC_83 ANA -19.7 -45.6 653 USF 770 14% 5 - 

PREC_84 ANA -17.9 -44.6 589 USF 766 15% 6 - 

PREC_85 ANA -20.2 -43.9 1,275 USF 788 12% 3 - 

PREC_86 ANA -19.7 -44.8 812 USF 783 13% 5 - 

PREC_87 ANA -20.6 -44.4 924 USF 756 16% 1 - 

PREC_88 ANA -19.6 -44.1 814 USF 784 13% 6 - 

PREC_89 ANA -18.6 -43.6 1,126 USF 791 12% 6 - 

PREC_90 ANA -19.9 -43.8 790 USF 776 14% 3 - 

PREC_91 ANA -18.3 -44.2 606 USF 764 15% 7 - 

PREC_92 ANA -19.4 -45.9 816 USF 687 24% 3 43 

PREC_93 ANA -19.9 -46.0. 675 USF 791 12% 10 - 

PREC_94 ANA -19.7 -43.7 784 USF 791 12% 6 - 

PREC_95 ANA -17.4 -43.7 843 USF 783 13% 8 228 

PREC_96 ANA -19.7 -43.7 784 USF 767 15% 5 - 

PREC_97 ANA -11.2 -45.0 647 LMSF 737 18% 9 - 
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PREC_98 ANA -14.3 -44.5 566 MSF 733 19% 6 - 

PREC_99 ANA -14.8 -43.9 450 MSF 790 12% 10 - 

PREC_100 ANA -11.3 -43.8 413 MSF 750 17% 9 - 

PREC_101 ANA -14.3 -44.5 566 MSF 780 13% 7 - 

PREC_102 ANA -16.7 -43.9 734 MSF 753 16% 10 - 

PREC_103 ANA -11.6 -43.3 409 MSF 748 17% 6 - 

PREC_104 ANA -9.6 -40.7 405 MSF 747 17% 16 - 

PREC_105 ANA -13.4 -44.2 448 MSF 716 20% 10 - 

PREC_106 ANA -13.3 -44.6 629 MSF 751 17% 14 147 

PREC_107 ANA -11.0 -44.5 445 MSF 681 24% 6 - 

PREC_108 ANA -16.0 -44.9 478 MSF 766 15% 9 - 

PREC_109 ANA -7.7 -37.7 562 LMSF 580 36% 6 - 

PREC_110 ANA -8.8 -39.0 313 LMSF 738 18% 11 - 

PREC_111 ANA -8.1 -37.6 534 LMSF 708 21% 5 248 

PREC_112 ANA -8.6 -38.6 335 LMSF 777 14% 10 - 

PREC_113 ANA -9.4 -40.5 372 LMSF 803 11% 6 247 

PREC_114 ANA -7.9 -40.0 438 LMSF 589 35% 13 - 

PREC_115 ANA -7.8 -38.1 811 LMSF 741 18% 9 - 

PREC_116 ANA -9.4 -38.0 244 LMSF 752 16% 4 - 

PREC_117 ANA -9.8 -37.4 65 LMSF 704 22% 5 - 

PREC_118 ANA -10.3 -36.6 26 LSF 777 14% 8 - 

PREC_119 ANA -10.4 -36.4 8 LSF 708 21% 7 195 

PREC_120 ANA -9.6 -37.8 182 LSF 685 24% 7 121 

PREC_121 ANA -10.2 -36.8 6 LMSF 719 20% 6 - 

PREC_122 ANA -10.0 -37.0 114 LSF 754 16% 6 - 

PREC_123 INMET -7.9 -40.1 449 LSF 729 19% 7 - 

PREC_124 INMET -7.8 -38.1 940 LSF 390 57% 5 - 

PREC_125 INMET -8.5 -39.3 329 LMSF 563 37% 2 - 

PREC_126 INMET -8.6 -38.6 328 LMSF 554 38% 5 - 

PREC_127 INMET -8.4 -37.1 641 LMSF 278 69% 5 - 

PREC_128 INMET -8.4 -36.8 623 LMSF 479 47% 4 - 

PREC_129 INMET -8.9 -36.5 869 LSF 650 28% 8 - 

PREC_130 INMET -9.6 -42.1 406 LSF 591 34% 5 - 

PREC_131 INMET -9.4 -40.5 376 LSF 521 42% 6 - 

PREC_132 INMET -9.4 -38.2 225 LMSF 513 43% 5 - 

PREC_133 INMET -9.1 -38.3 302 LSF 515 43% 3 - 

PREC_134 INMET -9.1 -37.7 506 LMSF 152 83% - - 

PREC_135 INMET -9.8 -37.4 40 LMSF 121 87% - - 

PREC_136 INMET -9.5 -36.7 295 LSF 342 62% 1 - 

PREC_137 INMET -11.0 -44.5 443 LSF 411 54% 4 - 

PREC_138 INMET -10.2 -36.9 28 MSF 509 43% 6 - 

PREC_139 INMET -11.3 -41.9 704 LSF 465 48% 6 - 

PREC_140 INMET -11.2 -41.2 924 LSF 388 57% 4 - 

PREC_141 INMET -12.4 -46.4 581 MSF 443 51% 5 - 

PREC_142 INMET -12.2 -45.0 481 MSF 507 44% 4 - 

PREC_143 INMET -12.7 -43.2 422 MSF 665 26% 6 65 

PREC_144 INMET -13.3 -44.6 592 MSF 560 38% 4 - 

PREC_145 INMET -13.3 -43.4 435 MSF 43 95% 11 - 

PREC_146 INMET -14.1 -46.4 798 MSF 377 58% 5 - 

PREC_147 INMET -14.9 -46.3 860 MSF 454 50% 4 - 

PREC_148 INMET -14.9 -42.9 772 MSF 469 48% 4 3 

PREC_149 INMET -14.1 -42.5 966 MSF 422 53% 4 - 

PREC_150 INMET -15.5 -47.3 863 MSF 477 47% 6 - 
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PREC_151 INMET -15.9 -46.1 527 MSF 544 40% 2 - 

PREC_152 INMET -16.0 -44.9 472 MSF 583 35% 4 - 

PREC_153 INMET -15.5 -44.4 476 MSF 446 50% 4 - 

PREC_154 INMET -15.1 -42.8 865 MSF 260 71% 3 - 

PREC_155 INMET -15.1 -44.0 451 MSF 530 41% 4 - 

PREC_156 INMET -16.4 -46.6 693 MSF 444 51% 3 - 

PREC_157 INMET -16.7 -43.8 635 MSF 377 58% 4 - 

PREC_158 INMET -17.2 -46.9 724 MSF 438 51% 2 - 

PREC_159 INMET -17.7 -46.2 727 MSF 516 43% 4 - 

PREC_160 INMET -17.4 -44.9 522 MSF 460 49% 3 - 

PREC_161 INMET -18.5 -46.4 963 MSF 591 34% 5 - 

PREC_162 INMET -18.8 -44.5 665 USF 566 37% 7 - 

PREC_163 INMET -18.3 -43.6 1,138 USF 613 32% 1 - 

PREC_164 INMET -19.2 -45.0 683 USF 616 32% 2 - 

PREC_165 INMET -19.9 -44.4 796 USF 524 42% 3 - 

PREC_166 INMET -20.0 -46.0 683 USF 481 47% 1 - 

PREC_167 INMET -19.5 -44.3 783 USF 635 29% 2 - 

PREC_168 INMET -19.9 -43.9 862 USF 541 40% - - 

PREC_169 INMET -19.0 -43.4 796 USF 570 37% 1 3 

PREC_170 INMET -20.0 -44.1 885 USF 626 30% 3 - 

PREC_171 INMET -20.7 -44.8 1,017 USF 625 31% 3 - 

TMP_1 INMET -7.9 -40.1 449 LMSF 347 61% - 94 

TMP_2 INMET -7.8 -38.1 940 LMSF 554 38% 1 - 

TMP_3 INMET -8.5 -39.3 329 LMSF 508 44% - - 

TMP_4 INMET -8.6 -38.6 328 LMSF 245 73% - - 

TMP_5 INMET -8.4 -37.1 641 LMSF 412 54% - 93 

TMP_6 INMET -8.4 -36.8 623 LSF 570 37% 2 - 

TMP_7 INMET -8.9 -36.5 869 LSF 504 44% 3 - 

TMP_8 INMET -9.6 -42.1 406 MSF 398 56% - - 

TMP_9 INMET -9.4 -40.5 376 LMSF 456 49% - - 

TMP_10 INMET -9.4 -38.2 225 LMSF 504 44% 1 - 

TMP_11 INMET -9.1 -38.3 302 LMSF 321 64% 1 - 

TMP_12 INMET -9.8 -37.4 40 LSF 363 60% 1 - 

TMP_13 INMET -9.5 -36.7 295 LSF 461 49% - - 

TMP_14 INMET -11.0 -44.5 443 MSF 361 60% 1 - 

TMP_15 INMET -10.2 -36.9 28 LSF 365 59% - 40 

TMP_16 INMET -11.3 -41.9 704 MSF 382 58% - - 

TMP_17 INMET -11.2 -41.2 924 LMSF 469 48% - - 

TMP_18 INMET -12.4 -46.4 581 MSF 617 31% - 131 

TMP_19 INMET -12.2 -45.0 481 MSF 489 46% - 57 

TMP_20 INMET -12.7 -43.2 422 MSF 306 66% - 55 

TMP_21 INMET -13.3 -44.6 592 MSF 445 51% - 278 

TMP_22 INMET -13.3 -43.4 435 MSF 416 54% - - 

TMP_23 INMET -14.1 -46.4 798 MSF 330 63% - - 

TMP_24 INMET -14.9 -46.3 860 MSF 448 50% - - 

TMP_25 INMET -14.9 -42.9 772 MSF 470 48% 4 - 

TMP_26 INMET -14.1 -42.5 966 MSF 530 41% 1 - 

TMP_27 INMET -15.5 -47.3 863 MSF 406 55% - - 

TMP_28 INMET -15.9 -46.1 527 MSF 244 73% - - 

TMP_29 INMET -16.0 -44.9 472 MSF 495 45% 1 - 

TMP_30 INMET -15.5 -44.4 476 MSF 400 56% - - 

TMP_31 INMET -15.1 -42.8 865 MSF 346 62% - - 

TMP_32 INMET -15.1 -44.0 451 MSF 430 52% - - 
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TMP_33 INMET -16.4 -46.6 693 MSF 454 50% - - 

TMP_34 INMET -16.7 -43.8 635 MSF 393 56% - - 

TMP_35 INMET -17.2 -46.9 724 MSF 528 41% - - 

TMP_36 INMET -17.7 -46.2 727 MSF 547 39% - - 

TMP_37 INMET -17.4 -44.9 522 ASF 609 32% - - 

TMP_38 INMET -18.5 -46.4 963 MSF 545 39% - - 

TMP_39 INMET -18.8 -44.5 665 ASF 468 48% 1 - 

TMP_40 INMET -18.3 -43.6 1,138 ASF 465 48% - - 

TMP_41 INMET -19.2 -45.0 683 ASF 467 48% - - 

TMP_42 INMET -19.9 -44.4 796 ASF 471 48% - - 

TMP_43 INMET -20.0 -46.0 683 ASF 552 39% - - 

TMP_44 INMET -19.5 -44.3 783 ASF 624 31% - - 

TMP_45 INMET -19.0 -43.4 862 ASF 605 33% - - 

TMP_46 INMET -20.0 -44.1 796 ASF 460 49% - - 

TMP_47 INMET -20.7 -44.8 885 ASF 438 51% - - 

TMP_48 GHCN -15.9 -47.9 1,017 MSF 645 28% 1 - 

TMP_49 GHCN -19.6 -46.9 1,047 ASF 504 44% 1 - 

TMP_50 GHCN -19.9 -43.9 982 ASF 766 15% 5 - 

TMP_51 GHCN -16.7 -43.9 896 MSF 431 52% - - 

TMP_52 GHCN -13.3 -43.4 629 MSF 499 45% 3 53 

TMP_53 GHCN -14.1 -42.6 434 MSF 549 39% - 257 

TMP_54 GHCN -9.6 -42.1 878 MSF 433 52% 1 - 

TMP_55 GHCN -9.4 -40.5 397 LMSF 323 64% 1 - 

TMP_56 GHCN -10.9 -37.1 385 LSF 726 19% 8 - 
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Figure 2.S1 – Visual representation of available data (blue squares) and gaps (red squares) 

in each time series of observational rainfall data after quality control was applied. 
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Figure 2.S2 – Visual representation of available data (blue squares) and gaps (red squares) 

in each time series of observational temperature (Thornthwaite’s potential 

evapotranspiration) data after quality control was applied. 

 

 

Table 2.S2 – Summary of observational rainfall data availability after each step of the quality 

control procedure at the seasonal scale. 

Month 
Original 

NA (n) 

Original 

NA (%) 

sd filter 

NA (n) 

sd filter 

NA (%) 

SNHT NA 

(n) 

SNHT NA 

(%) 

Total 

available 

data (n) 

Total 

available 

data (%) 

Jan 4447 34.7% 40 0.3% 263 2.1% 8075 63.0% 

Feb 4502 35.1% 32 0.2% 265 2.1% 8026 62.6% 

Mar 4503 35.1% 17 0.1% 260 2.0% 8045 62.7% 

Apr 4495 35.0% 47 0.4% 264 2.1% 8019 62.5% 

May 4548 35.5% 91 0.7% 264 2.1% 7922 61.8% 

Jun 4472 34.9% 145 1.1% 264 2.1% 7944 61.9% 

Jul 4528 35.3% 150 1.2% 263 2.1% 7884 61.5% 

Aug 4441 34.6% 161 1.3% 263 2.1% 7960 62.1% 

Sep 4483 35.0% 82 0.6% 261 2.0% 7999 62.4% 

Oct 4522 35.3% 59 0.5% 261 2.0% 7983 62.2% 

Nov 4475 34.9% 33 0.3% 255 2.0% 8062 62.9% 

Dec 4573 35.7% 44 0.3% 259 2.0% 7949 62.0% 

Total 53989 35.1% 901 0.6% 3142 2.0% 95868 62.3% 

Table 2.S3 – Summary of observational temperature (Thornthwaite’s potential 

evapotranspiration) data availability after each step of the quality control procedure at the 

seasonal scale. 

Month 
Original 

NA (n) 

Original 

NA (%) 

sd filter 

NA (n) 

sd filter 

NA (%) 

SNHT NA 

(n) 

SNHT NA 

(%) 

Total 

available 

data (n) 

Total 

available 

data (%) 

Jan 1998 47.6% 2 0.05% 88 2.1% 2112 50.3% 

Feb 2011 47.9% 2 0.05% 92 2.2% 2095 49.9% 



82 

 

Mar 2030 48.3% 3 0.07% 86 2.0% 2081 49.5% 

Apr 2043 48.6% 3 0.07% 84 2.0% 2070 49.3% 

May 2038 48.5% 4 0.10% 89 2.1% 2069 49.3% 

Jun 2061 49.1% 4 0.10% 82 2.0% 2053 48.9% 

Jul 2036 48.5% 4 0.10% 87 2.1% 2073 49.4% 

Aug 2033 48.4% 4 0.10% 90 2.1% 2073 49.4% 

Sep 2026 48.2% 4 0.10% 90 2.1% 2080 49.5% 

Oct 2005 47.7% 3 0.07% 91 2.2% 2101 50.0% 

Nov 2006 47.8% 2 0.05% 90 2.1% 2102 50.0% 

Dec 2019 48.1% 2 0.05% 89 2.1% 2090 49.8% 

Total 24306 48.2% 37 0.07% 1058 2.1% 24999 49.6% 
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2.7. Appendix A 

Table 2.A1 – Monthly mean (µ) ± standard deviation (σ) of CRU TS rainfall estimations and observed data in the: USF—upper; MSF—middle; 

LMSF—lower-middle; LSF—lower São Francisco watershed. The reliability of CRU TS estimates in each month is also shown based on 

whether monthly root mean square error is less than 50% of the mean observed value (where ✓ indicates reliable results and  indicates nonreliable 

results). 

Month 
USF MSF LMSF LSF 

CRU (µ ± σ) Obs (µ ± σ) Reliability CRU (µ ± σ) Obs (µ ± σ) Reliability CRU (µ ±σ) Obs (µ ± σ) Reliability CRU (µ ± σ) Obs (µ ± σ) Reliability 

1942–1966 

Jan 281(±125) 276(±168) ✓ 190(±116) 191(±162)  63(±54) 68(±69)  49(±41) 45(±48)  

Feb 177(±67) 211(±111) ✓ 137(±73) 134(±93)  75(±55) 73(±64)  50(±40) 51(±56)  

Mar 151(±66) 160(±104) ✓ 143(±92) 119(±105)  114(±96) 107(±97)  91(±76) 95(±81)  

Apr 62(±28) 47(±43)  69(±49) 56(±57)  76(±53) 87(±83)  112(±84) 138(±109)  

May 30(±20) 27(±31)  17(±19) 10(±15)  39(±44) 48(±59)  137(±122) 145(±114)  

Jun 12(±11) 9(±15)  3(±7) 2(±6)  29(±41) 36(±50)  107(±84) 124(±83)  

Jul 13(±14) 7(±15)  5(±11) 2(±7)  22(±35) 30(±48)  96(±76) 96(±72)  

Aug 9(±10) 5(±13)  3(±7) 1(±4)  13(±23) 16(±27)  64(±56) 55(±48)  

Sep 36(±27) 30(±34)  20(±24) 11(±19)  7(±13) 12(±21)  35(±42) 40(±45)  

Oct 116(±58) 110(±76) ✓ 84(±62) 59(±62)  12(±21) 17(±27)  22(±23) 26(±37)  

Nov 208(±59) 186(±89) ✓ 190(±88) 156(±102)  37(±46) 42(±63)  38(±37) 36(±39)  

Dec 298(±86) 306(±152) ✓ 253(±120) 213(±141) ✓ 48(±55) 58(±73)  38(±44) 41(±50)  

1967–1991 

Jan 266(±150) 250(±159) ✓ 198(±151) 184(±143) ✓ 79(±70) 74(±76)  49(±42) 40(±47)  

Feb 158(±102) 151(±107) ✓ 144(±110) 133(±105) ✓ 90(±73) 83(±76)  69(±55) 57(±61)  

Mar 156(±82) 146(±93)  141(±92) 138(±109) ✓ 136(±82) 135(±92) ✓ 105(±67) 97(±70)  

Apr 68(±34) 66(±49)  69(±46) 67(±58)  92(±72) 95(±87)  116(±79) 110(±88) ✓ 

May 30(±25) 28(±27)  18(±23) 14(±19)  43(±47) 48(±62)  127(±117) 114(±113)  

Jun 14(±17) 12(±18)  6(±14) 4(±9)  30(±39) 30(±44)  111(±88) 100(±75)  

Jul 14(±18) 14(±19)  6(±17) 3(±8)  29(±47) 29(±48)  115(±102) 97(±80)  

Aug 14(±17) 13(±18)  6(±13) 4(±10)  11(±18) 14(±25)  60(±51) 53(±45)  
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Sep 47(±33) 44(±38)  22(±22) 21(±25)  9(±15) 11(±18)  40(±43) 37(±41)  

Oct 119(±61) 121(±71) ✓ 101(±67) 87(±65)  16(±28) 16(±32)  30(±39) 21(±31)  

Nov 218(±76) 218(±101) ✓ 182(±86) 172(±98) ✓ 27(±39) 34(±49)  29(±32) 25(±37)  

Dec 279(±89) 273(±112) ✓ 227(±127) 217(±132) ✓ 55(±65) 58(±71)  37(±44) 38(±49)  

1992–2016 

Jan 275(±120) 260(±138) ✓ 187(±115) 175(±129) ✓ 88(±66) 82(±85)  53(±39) 52(±74)  

Feb 140(±68) 151(±101) ✓ 131(±72) 126(±96)  75(±47) 82(±64)  57(±34) 54(±57)  

Mar 162(±75) 172(±99) ✓ 147(±83) 148(±107)  106(±67) 105(±82)  74(±45) 69(±71)  

Apr 79(±43) 59(±45)  70(±48) 59(±55)  70(±45) 63(±68)  90(±57) 82(±75)  

May 29(±23) 28(±27)  18(±17) 14(±20)  41(±36) 38(±52)  113(±88) 96(±92)  

Jun 11(±14) 10(±15)  6(±14) 3(±8)  26(±36) 27(±45)  109(±83) 93(±82)  

Jul 9(±13) 5(±11)  3(±6) 1(±5)  24(±33) 22(±34)  93(±64) 84(±65)  

Aug 11(±11) 10(±14)  6(±9) 3(±9)  9(±13) 12(±23)  54(±43) 53(±47)  

Sep 51(±36) 43(±38)  19(±19) 15(±21)  8(±11) 6(±14)  34(±33) 28(±34)  

Oct 115(±69) 95(±66)  83(±59) 65(±60)  11(±18) 15(±31)  26(±26) 24(±35)  

Nov 213(±55) 214(±90) ✓ 176(±71) 183(±98) ✓ 25(±38) 33(±50)  27(±25) 29(±42)  

Dec 295(±106) 299(±126) ✓ 215(±104) 206(±114) ✓ 47(±39) 54(±57)  33(±23) 35(±49)  

Table 2.A2– Monthly mean (µ) ± standard deviation (σ) of CRU TS Thornthwaite’s potential evapotranspiration obtained through temperature 

estimations and observed data in the: USF—upper; MSF—middle; LMSF—lower-middle; LSF—lower São Francisco watershed. The reliability 

of CRU TS estimates in each month is also shown based on whether monthly root mean square error is less than 50% of the mean observed value 

(where ✓ indicates reliable results and  indicates nonreliable results). 

Month  
USF MSF LMSF LSF 

CRU (µ ± σ) Obs (µ ± σ) Reliability CRU (µ ± σ) Obs (µ ± σ) Reliability CRU (µ ± σ) Obs (µ ± σ) Reliability CRU (µ ± σ) Obs (µ ± σ) Reliability 

1942–1966 

Jan 112(±9) 109(±16) ✓ 121(±12) 116(±24) ✓ 147(±14) 142(±30) ✓ 146(±16) 140(±15) ✓ 

Feb 102(±9) 102(±15) ✓ 111(±12) 105(±21) ✓ 129(±13) 120(±28) ✓ 128(±15) 127(±14) ✓ 

Mar 100(±9) 104(±15) ✓ 116(±12) 114(±24) ✓ 137(±15) 131(±32) ✓ 138(±15) 134(±15) ✓ 

Apr 78(±9) 86(±13) ✓ 100(±13) 102(±24) ✓ 120(±13) 112(±29) ✓ 115(±16) 115(±15) ✓ 

May 63(±7) 64(±11) ✓ 88(±14) 88(±24) ✓ 108(±12) 99(±27) ✓ 105(±10) 101(±13) ✓ 
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Jun 50(±6) 51(±9) ✓ 72(±13) 71(±21) ✓ 89(±10) 77(±18) ✓ 87(±12) 85(±13) ✓ 

Jul 50(±6) 52(±8) ✓ 70(±12) 71(±21) ✓ 88(±13) 76(±20) ✓ 81(±11) 79(±12) ✓ 

Aug 66(±8) 71(±16) ✓ 86(±12) 89(±26) ✓ 92(±12) 88(±21) ✓ 85(±12) 81(±10) ✓ 

Sep 81(±10) 92(±20) ✓ 110(±14) 112(±28) ✓ 112(±16) 110(±26) ✓ 95(±12) 91(±10) ✓ 

Oct 99(±12) 104(±23) ✓ 124(±15) 128(±31) ✓ 143(±18) 135(±32) ✓ 120(±13) 114(±13) ✓ 

Nov 97(±10) 108(±22) ✓ 116(±14) 121(±30) ✓ 144(±14) 139(±31) ✓ 132(±16) 123(±13) ✓ 

Dec 105(±9) 113(±18) ✓ 119(±13) 120(±27) ✓ 153(±16) 146(±31) ✓ 143(±16) 134(±15) ✓ 

1967–1991 

Jan 114(±11) 120(±20) ✓ 124(±13) 123(±22) ✓ 146(±13) 142(±27) ✓ 145(±16) 138(±23) ✓ 

Feb 105(±9) 110(±18) ✓ 114(±12) 111(±21) ✓ 127(±13) 123(±25) ✓ 126(±16) 123(±20) ✓ 

Mar 106(±10) 113(±17) ✓ 120(±12) 118(±20) ✓ 134(±15) 131(±28) ✓ 137(±16) 131(±22) ✓ 

Apr 83(±10) 89(±17) ✓ 104(±13) 103(±19) ✓ 120(±13) 116(±25) ✓ 115(±17) 116(±23) ✓ 

May 67(±8) 70(±13) ✓ 92(±14) 92(±20) ✓ 108(±13) 104(±25) ✓ 106(±11) 106(±25) ✓ 

Jun 53(±7) 56(±10) ✓ 76(±14) 76(±19) ✓ 89(±10) 86(±20) ✓ 88(±13) 89(±25) ✓ 

Jul 53(±7) 56(±10) ✓ 74(±13) 76(±18) ✓ 88(±14) 82(±19) ✓ 82(±13) 88(±28) ✓ 

Aug 68(±8) 73(±13) ✓ 90(±13) 96(±22) ✓ 95(±12) 94(±23) ✓ 88(±13) 93(±29) ✓ 

Sep 77(±9) 87(±17) ✓ 110(±15) 114(±24) ✓ 116(±17) 115(±27) ✓ 97(±13) 103(±31) ✓ 

Oct 98(±11) 106(±19) ✓ 126(±16) 129(±25) ✓ 144(±17) 141(±29) ✓ 123(±14) 123(±27) ✓ 

Nov 103(±9) 108(±18) ✓ 120(±14) 120(±23) ✓ 145(±14) 146(±27) ✓ 134(±16) 130(±23) ✓ 

Dec 109(±10) 115(±18) ✓ 123(±14) 121(±22) ✓ 154(±16) 152(±28) ✓ 144(±16) 137(±23) ✓ 

1992–2016 

Jan 120(±11) 126(±21) ✓ 131(±13) 136(±22) ✓ 150(±13) 147(±27) ✓ 149(±17) 150(±23) ✓ 

Feb 110(±11) 115(±19) ✓ 119(±13) 123(±21) ✓ 131(±13) 130(±23) ✓ 130(±16) 134(±20) ✓ 

Mar 109(±11) 114(±18) ✓ 125(±13) 127(±22) ✓ 140(±14) 140(±26) ✓ 142(±15) 145(±22) ✓ 

Apr 90(±10) 95(±15) ✓ 112(±13) 116(±21) ✓ 125(±14) 126(±27) ✓ 120(±18) 131(±22) ✓ 

May 68(±8) 70(±12) ✓ 97(±15) 101(±23) ✓ 113(±13) 115(±28) ✓ 110(±12) 120(±25) ✓ 

Jun 54(±6) 56(±11) ✓ 79(±15) 82(±19) ✓ 91(±10) 90(±23) ✓ 90(±15) 101(±26) ✓ 

Jul 57(±6) 59(±12) ✓ 81(±14) 83(±19) ✓ 93(±14) 87(±23) ✓ 85(±15) 99(±30) ✓ 

Aug 72(±9) 75(±16) ✓ 96(±14) 102(±21) ✓ 97(±12) 97(±27) ✓ 90(±14) 106(±34) ✓ 

Sep 85(±12) 96(±21) ✓ 120(±16) 130(±23) ✓ 120(±18) 119(±28) ✓ 101(±14) 118(±33) ✓ 
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Oct 108(±14) 118(±24) ✓ 138(±16) 149(±24) ✓ 148(±17) 144(±27) ✓ 128(±14) 138(±31) ✓ 

Nov 106(±10) 113(±22) ✓ 126(±15) 133(±24) ✓ 149(±14) 149(±26) ✓ 138(±16) 144(±25) ✓ 

Dec 117(±11) 122(±20) ✓ 131(±14) 136(±23) ✓ 159(±15) 154(±27) ✓ 149(±15) 154(±23) ✓ 
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Chapter 2B: Drought characterization in the São Francisco watershed using the climatic 

water balance: methodological aspects and spatiotemporal dynamics 

This study is currently being organized as a full article in order to be submitted to an 

international journal. 

Abstract: Partially located in the Brazilian Semiarid region, the São Francisco watershed 

(SFW) is one of the main hydrological systems in Brazil, representing a strategic asset for power 

generation, agricultural development and the integration of the national territory. Drought is a 

recurrent phenomenon in the Brazilian Semiarid, but climate change projected scenarios 

indicate an intensification of these events in the SFW region, which may amplify their impacts 

on the population that depends on its natural resources. The objective of this study is to identify 

spatial and temporal patterns of meteorological drought incidence over the SFW. We used 

gridded Climate Research Unit Time Series (CRU TS) rainfall and potential evapotranspiration 

data for the period from 1942 to 2016 (75 years of data). We firstly compared the Standardized 

Precipitation-Evapotranspiration Index with the deficit of evaporation (DE) derived from the 

simplified Thornthwaite and Mather climatological water balance. Both indices retrieved 

similar results considering 12-month accumulated data. For the monthly monitoring, however, 

the DE appears to be more reliable since it is not affected by skewed rainfall data distribution 

during dry months while also retaining a physical sense in its proposed monthly classification. 

Results showed that water deficit periods are becoming more frequent and more intense, 

afflicting larger areas in the middle and lower portions of the SFW. Months with water surplus 

in these regions are also becoming less frequent. In the upper SFW, evidences show that water 

deficit periods are also becoming more frequent, although the wet season still provides 

important water surpluses. 

Keywords: SPEI, climatic water balance, evapotranspiration, climate extremes, drought index, 

semiarid 

2.8. Introduction 

The theoretical models and the discussions on the role of drought definitions presented 

by Wilhite and Glantz (1985) and Wilhite (2000) as commented in the first chapter of this thesis 

established the basis for the investigation of this phenomenon under different perspectives. 

These authors highlighted that, inevitably, the main interest to society resides on the studies of 

the effects and impacts of drought: agricultural, hydrological and socioeconomic drought. 
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However, it is not possible to fully understand these impacts without investigating in detail their 

direct causes. In the drought propagation model proposed by Wilhite (2000), meteorological 

drought characterizes the immediate effect of the natural variability of the climate system on 

local atmospheric and meteorological conditions. Therefore, its characterization is the first 

fundamental step in order to better understand the global behavior of this phenomenon. 

There are different methods to assess meteorological drought, usually considering 

alterations and variations in climatological aspects in relation to a normal behavior. At a first 

moment, the main indices and techniques used were based on the fact that meteorological 

drought is established with the occurrence and persistence of negative anomalous rainfall 

amounts (MISHRA; SINGH, 2010). Among the indices used to determine these precipitation 

deficits we can highlight: the PDSI (PALMER, 1965); the SPI (MCKEE; DOESKEN; KLEIST, 

1993), which is indicated by the Lincoln Declaration as the standard index for meteorological 

drought assessment (HAYES et al., 2011); the Rainfall Anomaly Index – RAI (VAN ROOY, 

1965); the Effective Drought Index (BYUN; WILHITE, 1999); besides the use of percentiles, 

deciles, and other deviations from the mean. 

However, in the current climate change context, it is believed that the characterization 

of meteorological drought cannot be restrained to the assessment of rainfall anomalies 

(NAUMANM et al., 2018; VICENTE-SERRANO; BEGUERÍA; LÓPEZ-MORENO, 2010). 

Even in arid and semiarid regions, where rainfall is indeed the main driver of water deficit, the 

projected increases in temperature might significantly impact atmospheric demand for water. 

Several studies have already shown that this increase may be associated with the triggering and 

intensification of drought events (CIAIS et al., 2005; OTKIN et al., 2016; VICENTE-

SERRANO et al., 2018). The SPEI, developed by Vicente-Serrano, Beguería and López-

Moreno (2010) and based on the popular SPI, is being increasingly used precisely because it 

characterizes drought based on a simplified water balance between precipitation and PET. 

Therefore, the index takes into account the potential effects of increasing temperatures due to 

global climate change on drought characterization. Furthermore, the SPEI can be calculated at 

different time scales, which is an advantage if compared to other classical indices based on the 

water balance, such as the PDSI. 

The SPEI, on the other hand, presents some limitations that are yet to be properly dealt 

with. One of these limitations is associated with its estimation for series with skewed 

distribution due to the inflation of zero precipitation values during the dry season, which is 
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particularly common in arid and semiarid regions (KUMAR et al., 2009). In these cases, the 

water balance standardization process proposed by the SPEI is greatly jeopardized 

(BEGUERÍA et al., 2014; STAGGE et al., 2015). It is observed that, in these regions, the use 

of the SPEI is only truly consistent for larger time scales, considering the accumulated water 

balance in six or more months (STAGGE et al., 2015; WU et al., 2007). Since in arid and 

semiarid regions the occurrence of drought during the dry season is in reality the normal 

observed behavior, meteorological drought characterization by the SPEI at time scales of six 

months or more should not be a problem because the duration of the drought is more important 

than its intensity in these cases (CLARK, 1993; WU et al., 2007). However, the monthly scale 

also plays a fundamental role in the determination of the onset of water deficit periods and also 

in the detection of short-term shifts in drought conditions. 

Because part of the SFW is located in a semiarid climate region, the aforementioned 

challenge must be taken into consideration when evaluating the climatological aspects of 

drought in the basin. Furthermore, even regions under the influence of humid subtropical 

climate in the SFW are marked by dry seasons with recurrent zero or near-zero monthly 

precipitation. Therefore, in order to characterize meteorological drought in the SFW we must 

first discuss the methods to be used. Methods that allow the detection not only of persistent 

drought and accumulated water deficits but also small shifts in drought incidence patterns 

should be privileged.  

In this context, this study proposes the use of the monthly DE estimated through the 

Thornthwaite and Mather Climatological Water Balance – TM-CWB (THORNTHWAITE; 

MATHER, 1955). The DE expresses the monthly difference between PET and actual 

evapotranspiration (AET), being easily calculated and used as a drought index in several studies 

(DUBREUIL, 1996, 1997; LAMY, 2013; LAMY; DUBREUIL; MELLO-THERY, 2014; 

MOUNIER, 1977). In the TM-CWB, AET depends on the relationship between precipitation 

and PET, and on the depletion of water stored in the soil, which is usually expressed as a 

function of the available water capacity (AWC). The AWC, in its turn, is a surface parameter 

and would distort the use of the DE as a meteorological drought index. Thus, we propose the 

use of a homogeneous value for AWC in the entire extension of the SFW, independent of the 

actual surface characteristics. Thus, DE can be considered an index that will depend exclusively 

on the variations of meteorological parameters: precipitation and PET. 



90 

 

The use of the DE as a meteorological drought index complies with the main 

requirements for the adequate characterization of this type of event: it allows the comparison 

between different climate regimes (since surface characteristics are considered homogeneous); 

it can be calculated at different time scales (by simply accumulating the elements of the TM-

CWB in three, six, nine, 12 or more months); and considers that both precipitation and PET can 

influence water deficit conditions (agreeing with recent drought studies on the context of 

climate change). The DE can, therefore, be used to characterize the spatial and temporal patterns 

of meteorological drought in the SFW, considering the frequency, intensity and duration of the 

identified events. 

This characterization, on the other hand, needs to take into consideration another 

fundamental climatological aspect, which is the influence of teleconnection patterns between 

large-scale circulation mechanisms and drought in the SFW. It is known, for example, that the 

ENSO phenomenon oppositely influences the rainfall regime in the USF and the LMSF (DOS 

SANTOS et al., 2011; GALVÍNCIO; SOUSA, 2002; SOUTO; BELTRÃO; TEODORO, 2019). 

It is also known that the SST gradient in the Tropical Atlantic Ocean strongly influences rainfall 

over a considerable extension of the NEB, particularly its semiarid region (ANDREOLI; 

KAYANO, 2006; CAVALCANTI, 2012; MARENGO; TORRES; ALVES, 2017). 

Furthermore, there are evidences indicating the phase of the AAO influences on the formation 

and positioning of the SACZ, which is responsible for considerable amounts of precipitation 

during the summer and autumn in the Southeast region of Brazil (REBOITA; AMBRIZZI; DA 

ROCHA, 2009; ROSSO et al., 2018; VASCONCELLOS; CAVALCANTI, 2010). 

Thus, it is crucial to understand what are the individual and combined effects of these 

phenomena on drought incidence over the SFW. Although the relationship between the ENSO 

and precipitation in the basin has already been studied (DOS SANTOS et al., 2011; GURJÃO 

et al., 2012; SANTOS et al., 2019; SOUTO; BELTRÃO; TEODORO, 2019; SUN et al., 2016), 

more comprehensive studies on drought characterization over the SFW considering not only 

the ENSO but its combined effect with other large-scale circulation mechanisms are needed. 

Knowing the spatial patterns of drought incidence in the SFW according to these 

teleconnections is of the uttermost importance for all agents involved in the management and 

use of its water resources. 

In this context, the main objective of this study is to identify spatial and temporal 

patterns of meteorological drought incidence over the SFW. Specifically, this study aims to 
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firstly discuss the methodological aspects of meteorological drought characterization in 

semiarid regions or, more broadly, regions with dry season marked by the absence of rainfall. 

To this end, DE obtained through the TM-CWB was compared to the SPEI at the monthly and 

12-month scales. Secondly, we effectively characterized meteorological drought in the 

watershed by considering its normal behavior, but also investigating patterns observed under 

the influence of large-scale mechanisms: the ENSO, the AMM and the AAO.  

2.9. Material and methods 

2.9.1. Data 

In this study, the determination of meteorological drought considered monthly 

precipitation and PET (estimated through mean temperature) data. In fact, the time series of the 

CRU TS v4.02 (subsequently referred to simply as CRU data) which were thoroughly validate 

in Chapter 2A were used. They comprehend the period from 1942 to 2016 (75 years of data), 

and refer to interpolated observational data over a horizontal grid with a 0.5º x 0.5º (~56 km) 

resolution (HARRIS et al., 2014). 

2.9.2. Thornthwaite and Mather climatological water balance 

Meteorological drought was evaluated based on the elements of the simplified water 

balance firstly proposed by Thornthwaite (1948) and subsequently detailed by Thornthwaite 

and Mather (1955). 

This water balance is based on the relationship between precipitation (P) and PET, 

therefore considering input water fluxes, the atmospheric demand for water and the effects of 

temperature. Specific meteorological drought conditions were assessed through the monthly 

DE (mm), which consists of the difference between monthly PET and AET as follows: 

𝐷𝐸 = 𝑃𝐸𝑇 − 𝐴𝐸𝑇 (1) 

and: 

𝐴𝐸𝑇 =  {
𝑃𝐸𝑇,                                                         𝑃 ≥ 𝑃𝐸𝑇
𝑃 + 𝐴𝐿𝑇,                                                 𝑃 < 𝑃𝐸𝑇

 (2) 

The AET obtained through the TM-CWB depends on the relationship between P and 

PET. If P > PET than water availability is maximum, surface water evapotranspirates at 

potential conditions and there is no DE. On the other hand, if P < PET, AET is equal to P plus 

a given amount of water stored in the soil that evaporates (ALT – mm), and in this case DE 
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represents the atmospheric water deficit. The value of ALT consists of an empirical estimate of 

the difference between water stored in the soil in the previous month (WSSi-1 – mm) and water 

stored in the soil in the actual month (WSSi – mm): 

𝐴𝐿𝑇𝑖 = 𝑊𝑆𝑆𝑖−1 − 𝑊𝑆𝑆𝑖 (3) 

where: 

𝑊𝑆𝑆 = 𝐴𝑊𝐶𝑒[∑(𝑃−𝑃𝐸𝑇) 𝐴𝑊𝐶⁄ ] (4) 

and ∑(P - PET) is the accumulated sum of the precipitation deficit (when P < PET) and AWC 

is the available water capacity (mm) or the content of water in the saturated soil that can be 

used by plants. The AWC is the TM-CWB parameter that is actually highly dependent on soil 

and vegetation characteristics, and normally ranges from 75 to 150 mm. 

Since AET is indeed a surface parameter, some assumptions must be made in order to 

assure the use of the DE as a meteorological drought index.  Therefore, we opted to use a single 

AWC value equal to 100 mm in the entire study area, independent of the surface, soil or climate 

type. Thus, with a homogeneous AWC value throughout the entire SFW, DE becomes an index 

solely based on the rainfall and PET characteristics in each region. An AWC of 100 mm was 

previously adopted in other water balance studies over the SFW (DOS SANTOS et al., 2018; 

LOPES et al., 2017), and agrees with recommendations by Pereira, Angelocci and Sentelhas 

(2002). 

The TM-CWB was calculated for each grid point of the CRU dataset and also for the 

mean rainfall and PET time series in each subregion of the watershed: USF, MSF, LMSF and 

LSF. The water balance is calculated sequentially starting at the last month of the first wet 

season of each series (year 1942), when water available in the soil for evaporation is considered 

maximum (WSS = AWC). The complete and detailed description of the TM-CWB method can 

be consulted in Pereira, Angelocci and Sentelhas (2002). 

The classification of the months regarding meteorological drought according to the 

water balance and the DE is shown in Table 2.3. The limits of each class were selected based 

on a simple arithmetic progression. 
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Table 2.3 – Classification of months according to the water balance and the intensity of the 

deficit of evaporation (DE). Adated from Mounier (1977). 

Water balance Monthly classification 

P > PET, excess water Very wet 

P > PET, AWC recovery Wet 

P < PET, DE < 40 mm Low water deficit 

P < PET, 40 ≤ DE < 80 mm Dry 

P < PET, 80 ≤ DE < 120 mm Very dry 

P < PET, DE ≥ 120 mm Extremely dry 

Through a strictly climatological perspective, the interpretation of DE values allows the 

identification of the following scenarios at the monthly scale: 

a) Months in which P is always higher than PET (DE = 0). Even when below-average 

precipitation occurs, it surpasses the atmospheric demand for water, thus contributing to the 

recovery of soil moisture and/or generating excess water (EXC), thus attenuating drought 

conditions; 

b) Months in which P is always lower than PET (DE > 0). These months compose the dry 

season, when the complete absence of rainfall is usually observed. Higher magnitude deficits 

intensify the drought conditions established in previous months or that might be established in 

future months; 

c) Months in which P may be higher or lower than PET (DE = 0 or DE > 0). These are the 

key months for the determination of the persistence of drought conditions. In semiarid regions 

they correspond to roughly three to four months in the year. The water deficit observed (or not) 

in these months will intensify (or attenuate) the persistence of the original water deficit observed 

during the dry season months. 

Additionally, DE can be accumulated at different time scale, representing the 

accumulated deficit throughout a specific period. In these cases, the classification proposed at 

Table 2.3 loses its sense, and thus the analysis should be based on deviations from the mean. 

Even in these cases, the normalization of accumulated values should be taken with care, 

especially when comparing regions with different climate types. This is because normalized 

deviations of the same statistical magnitude might represent actual physical drought condition 

of completely different natures. This is one of the aspects to be discussed when comparing the 

DE and the SPEI for the characterization of drought events in semiarid regions. 

2.9.3. Standardized Precipitation-Evapotranspiration Index (SPEI) 
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Apart from the DE, the mean SPEI in each subregion of the SFW was also calculated. 

The SPEI is currently one of the most used indices for the characterization of drought, with its 

main advantage being its multi-temporal scalar nature and the fact that it does not consider only 

precipitation, but the balance between P and PET. It consists of a standardized index, which 

allows comparison between regions with different climate characteristics. However, one 

recurrent issue associated with the use of standardized indices based on anomalies over arid and 

semiarid lands is the occurrence of months with skewed distribution of data due to zero-value 

precipitation amounts (BRITO et al., 2018; MUTTI et al., 2020b; STAGGE et al., 2015). In 

these cases, the best results are found only at larger time scale, through the accumulation of P 

– PET over periods of six months or more. As a consequence, this index is a robust long-term 

meteorological drought monitor tool, but presents serious limitations when identifying short-

term patterns and shifts (at the monthly scale, for example). 

The SPEI is calculated analogously to the SPI, considering, however, monthly series of 

the difference between P and PET (Dif – mm), while the SPI considers only precipitation: 

𝐷𝑖𝑓𝑖 = 𝑃𝑖 − 𝑃𝐸𝑇𝑖 (5) 

In the case of other time scales (three, six, nine, 12 or more months), we simply 

accumulate the values of Dif over the target period. Monthly difference series are then adjusted 

to a three-parameter log-logistic distribution. The probability distribution function of the Dif 

series according to the log-logistic distribution is: 

𝐹(𝐷𝑖𝑓) = [1 + (
𝜃

𝐷𝑖𝑓 − 𝛾
)𝛽]

−1

 (6) 

where θ, β and γ are the scale, shape and location parameters, respectively (for γ < Dif < ∞). 

These parameters are estimated through the L-moments method described by Singh, Guo and 

Yu (1993). The SPEI value in each month can be obtained through the standardized values of 

F(Dif). According to the classical approximation of Abramowitz and Stegun (1972), we have: 

𝑆𝑃𝐸𝐼 = 𝑊 − (𝐶0 + 𝐶1𝑊 + 𝐶2𝑊2) (1 + 𝑑1𝑊 + 𝑑2𝑊2 + 𝑑3𝑊3)⁄  (7) 

where  

𝑊 = {
√−2 ln(𝑝) ,                                                        𝑝 ≤ 0.5

√−2 ln(1 − 𝑝) ,                                                𝑝 > 0.5
 (8) 
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and p is the probability that a given Dif value is surpassed at a given month: p = 1-F(Dif). When 

p > 0.5 the sign of the SPEI calculated through equation 8 is inverted. The constants are C0 = 

2.515517; C1 = 0.802853; C2 = 0.010328; d1 = 1.432788; d2 = 0.189269; and d3 = 0.001308. 

Finally, the SPEI represents standardized anomalies of the Dif series and its values can 

be classified according to the degree of intensity of the drought as shown in Table 2.4. This 

classification is equal to that usually used with the SPI. 

Table 2.4 – Classification of anomalies identified by the Standardized Precipitation-

Evapotranspiration Index. Adapted from Loukas and Vasiliades (2010). 

SPEI value Anomaly category 

2,00 or more Extremely wet 

1,00 to 1,99 Severely wet 

0,00 to 1,00 Normal (wet) 

-1,00 to 0,00 Normal (dry) 

-1,99 to -1,00 Severely dry 

-2,00 or less Extremely dry 

In the present study the SPEI was calculated at the 1-month and 12-month scales, 

considering the mean Dif series in each subregion of the SFW. 

2.9.4. Characterizing meteorological drought 

The first step of this study consisted in the comparison between results retrieved using 

the SPEI and the DE at the 1-month and 12-month time scales in the driest and wettest regions 

of the basin. 

The second step consisted of the effective characterization of meteorological drought 

through the TM-CWB and the DE. This characterization was carried out through the analysis 

of the monthly climatological aspects of the water balance and the incidence of water deficit 

periods in the subregions of the basin. We assessed the temporal evolution of the frequency of 

occurrence of water deficits or surpluses in each month and in each subregion. We also verified 

linear trends regarding the number of deficit months per year (Student’s t-test at the 5% 

significance level). Regarding the spatial aspects, we verified the extension of the incidence of 

meteorological drought in relation to its intensity and frequency considering the entire 1942-

2016 period (75 years) and also subperiods of 25 years: 1942-1966, 1967-1991, and 1992-2016. 

We also detected trends in the extension of the area afflicted by drought in each subregion 

(Student’s t-test at the 5% significance level). 
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Finally, the behavior of the incidence of meteorological drought was characterized as a 

function of the observed phase of large-scale circulation mechanisms which are known to 

influence the rainfall regime over the SFW. We analyzed the ENSO, AMM and AAO patterns 

through the following indices: 

a) Bivariate ENSO Timeseries index – BEST (SMITH; SARDESHMUKH, 2000): 

consists of the combination of the TSM Niño 3.4 anomaly index and the atmospheric Southern 

Oscillation Index determined as the difference between pressure at the Tahiti and Darwin 

stations. Months were classified as El Niño or La Niña when the 5-months moving average was 

among the 20% highest/lowest values for both indices. 

b) AMM index (CHIANG; VIMONT, 2004): defined through the projection of Tropical 

Atlantic SST series, indicating an anomalous warming pattern over the Northern Tropical 

Atlantic (positive AMM index) or the Southern Tropical Atlantic (negative AMM index). 

Representative months were considered when the AMM index was among the 20% 

highest/lowest values for at least three consecutive months. 

c) AAO index (GONG; WANG, 1999): defined based on the standardization of the 

monthly sea level pressure difference between the 40ºS and 65ºS latitudes. The index indicates 

the non-seasonal displacement of westerlies circulating between middle and higher latitudes in 

the southern hemisphere. When the AAO index is positive, the wind belt displaces to the south 

and when the AAO index is negative it displaces further north. Representative months were 

considered when the AAO index was among the 20% highest/lowest values for at least three 

consecutive months. 

All indices are available at the Earth System Research Laboratory website of the 

National Oceanic and Atmospheric Administration (ESRL-NOAA)1. The AAO index data 

provided by the ESRL were complemented with series provided by the Climate Prediction 

Center, also part of the NOAA2. Table 2.5 summarizes the expected combined effects of the 

different large-scale circulation mechanisms on drought conditions over the SFW. 

 
1 Available at: <https://www.esrl.noaa.gov/> 
2 Available at: <https://www.cpc.ncep.noaa.gov/> 
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Table 2.5 – Summary of the general expected effects of the different large-scale circulation 

mechanisms on drought over the São Francisco watershed (SFW). USF: Upper São Francisco, 

MSF: Middle São Francisco, LMSF: Lower-middle São Francisco, and LSF: Lower São 

Francisco. 

Pattern Expected effect on the SFW 

ENSO+ (La Niña) Increased rainfall over the northern portion of the MSF, LMSF 

and LSF; intensification of drought over the southern USF 

ENSO- (El Niño) Intensification of drought over the northern portion of the 

MSF, LMSF and LSF; increased rainfall over the southern 

USF  

AMM+ (warmer STT over 

the North Atlantic) 

Intensification of drought over the northern portion of the 

MSF, LMSF and LSF  

AMM- (warmer STT over 

the South Atlantic) 

Increased rainfall over the northern portion of the MSF, LMSF 

and LSF 

AAO+ (westerlies further 

south) 

Increased rainfall over the USF and the western portion of the 

MSF 

AAO- (westerlies further 

north) 

Intensification of drought over the USF and the western 

portion of the MSF  

Additionally, Table 2.6 shows the scenarios obtained through the combination of the 

sign of the studied patterns. These scenarios were defined based on the expected effects 

presented at Table 2.5. Overall, we aimed to identify spatial drought characteristics under: 

normal conditions, without the influence of large-scale patterns (Normal scenario – NOR); the 

influence of La Niña but without the influence of the AAO (La Niña Pure – LN_P); the 

influence of El Niño but without the influence of the AMM (El Niño Pure – EN_P); the 

combined influence of La Niña and negative AAO (LN_INT); the combined influence of El 

Niño and positive AMM (EN_INT); the influence of negative AAO but without the influence 

of the ENSO (AAO_P); and finally the influence of positive AMM but without the influence 

of ENSO (AMM_P). 

The years were classified according to these scenarios when the indices reached the 

aforementioned thresholds for at least three consecutive months. Furthermore, for the AMM 

we only considered austral summer and autumn months, when the ITCZ is expected to displace 

south of the Equator. For the AAO, we only considered the austral spring and summer months, 

which represent the onset and peak of the wet season over the southern portion of the SFW. 



98 

 

Table 2.6 – Characterization of the different scenarios related to the acting of large-scale 

circulation patterns and the respective representative years selected in the 1942-2016 period 

(+ positive, - negative, or n neutral). 

Scenario ENSO AMM AAO Years 

Normal (NOR) n n n 1952, 1954, 1955, 1959, 1960, 

1961, 1964, 1971, 1978, 1990, 

2000, 2003, 2006 and 2007 

La Niña Pure (LN_P) + -/n/+ n 1974, 1975, 1988, 2009, 2011 

and 2012 

El Niño Pure (EN_P) - n -/n/+ 1965, 1982, 1992 and 2016 

La Niña + AAO negative 

(LN_INT) 

+ -/n/+ - 1950 and 1970 

El Niño + AMM positive 

(EN_INT) 

- + -/n/+ 1958, 1997 and 2010 

AAO negative (AAO_P) n -/n/+ - 1951, 1957, 1967, 1968, 1969 

and 1977 

AMM positive (AMM_P) n + -/n/+ 1951, 1953, 1956, 1962, 1962, 

1966, 1969, 1979, 1980, 1981, 

1996, 2004, 2005 and 2013 

The spatial characteristics of drought incidence were identified according to each of the 

defined scenarios in comparison to the normal climatology in the studied period. 

2.10. Results and discussion 

2.10.1. Comparison between the DE and the SPEI 

Before characterizing meteorological drought in the SFW, the reasons why the DE may 

be a more interesting index alternative for semiarid regions should be discussed. Thus, we 

compared it with the widely used SPEI in assessing drought over the USF and the LMSF, 

regions with contrasting climate features in the SFW (as previously seen in this chapter). The 

USF has a well-defined dry season and a wet season marked by intense precipitation that usually 

surpasses atmospheric demand for water (humid subtropical climate). The LMSF, on the other 

hand, is a typical semiarid region, with the wet season concentrated in three to four months and 

rainfall volumes that are usually lower than the PET. 

The first step in this comparison consists of showing that the DE is indeed comparable 

to the SPEI, that is, both indices meet the main requirements to the identification of drought 

events. To this end, Figure 2.11 shows the 12-month SPEI time series (normally used for the 

characterization of drought in arid and semiarid regions) in comparison with the DE and the 

water surplus, also accumulated in 12 months. The series are strongly correlated both in the 

USF (r = 0.99) and the LMSF (r = 0.98). In fact, this is an obvious and expected result since 

DE and EXC are determined by the water balance through the relationship between P and PET, 
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which is also the base for the SPEI calculation. Differences between indices derive precisely 

from the fact that the TM-CWB takes into account the influence of water stored in the soil on 

the water balance. 

Figure 2.11 – Time series of the 12-month SPEI and the 12-month accumulated difference 

between excess water (EXC) and deficit of evaporation (DE) in: (a) Upper São Francisco – 

USF; and (b) Lower-middle São Francisco – LMSF. 

 

The adjustment of the distribution of 12-month accumulated P – PET values in the SPEI 

calculation process do not incur in the issues usually observed at smaller time scales resulting 

from the inflated occurrence of precipitation values equal to 0. Figure 2.11 highlights an 

important issue to be considered in the interpretation of SPEI results. On the one hand, its 

interpretation allows the comparison of its values between regions with different climates. On 

the other hand, the classification proposed by the SPEI (Table 2.4) lacks physical sense because 

the normalized values are always associated with the specific P – PET distribution in each 

region. For example, in the USF (Figure 2.11a) the average behavior corresponds to the 

occurrence of water surplus of the order of 270.8 mm (SPEI = 0). In the LMSF (Figure 2.11b), 

however, the average behavior is of water deficit (-897.0 mm). In reality, even when SPEI = 3 

in the LMSF the actual atmospheric situation is of water deficit (-404.9 mm). That is because 

in this region, PET is systematically higher than precipitation, even during the wet season. 

Likewise, in the USF, truly important water deficit conditions are only observed when 

SPEI ≈ -1.2 (dashed line in Figure 2.11a). In the LMSF, these SPEI values correspond to a 

situation of atmospheric water deficit of the order of 1000 mm. These results highlight that 

although the SPEI allows the comparison of drought by representing the intensity of deviations 

from a normal condition, the actual observed physical condition can only be truly assessed by 
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observing the values of the water balance. In this sense, using the DE is more advantageous 

than the SPEI, since it describes the actual observed conditions in each site. However, it is worth 

mentioning that these conclusions refer strictly to the meteorological aspects of drought, and 

do not consider the practical effects on the vegetation soil and surface water availability. 

The use of the SPEI or the DE to identify anomalously dry years also retrieved similar 

results (Figure 2.12). In the USF, the driest identified years were 1963, 1984, 1990, 2007 and 

2014, which corroborates with previous studies in the region (SANTOS et al., 2017). In the 

LMSF, both indices identified the years 1958, 1993, 1998, 2012 and 2016 as the driest in the 

series, although the SPEI (but not the DE) also indicated 1990 as a very dry year. These results 

agree with previous studies on the historical aspects of drought in the Northeast region of Brazil 

(MARENGO; TORRES; ALVES, 2017; RAO; HADA; HERDIES, 1995). 

Figure 2.12 – Identification of the driest years in the: (a) Upper São Francisco – USF; and 

the (b) Lower-middle São Francisco – LMSF, considering 12-month SPEI in December of 

each year and the yearly accumulated difference between excess water (EXC) and deficit of 

evaporation (DE). The scale of the graphics is not comparable. 

 

However, using 12-month SPEI or accumulated DE presents an important limitation 

when defining the onset and the ending of drought events. Furthermore, this time scale does not 

allow the identification of short-term and short-duration shifts and patterns in dry conditions, 

which may be important to the attenuation of its impacts on economic activities. 

Figure 2.13a, for example, shows 12-month SPEI and the monthly DE (or EXC) at the 

USF in the period from January 2005 to January 2011. One can notice that the SPEI indicates 

a persistent dry period starting in September 2007 (detail in red in Figure 2.13a). Since it refers 

to a 12-month accumulated value, the true water deficit is expected to have started earlier, but 
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the index at this time scale does not allow the identification of the true onset. Monthly DE, on 

the other hand, shows that the water deficit effectively began in March 2007, six months earlier 

than what was indicated by the SPEI. Similarly, when observing 12-month SPEI one cannot 

observe that from January to April 2008 (detail in red in Figure 2.13a) important water surpluses 

occurred in the USF, which certainly somewhat attenuated drought effects that year. 

Figure 2.13 – Difference between monthly excess water (EXC) and deficit of evaporation 

(DE) (colored bars) and: (a) 12-month SPEI (black line); (b) 1-month SPEI (black line) in 

the Upper São Francisco – USF region during the period from Jan/2005 to Jan/2011. 

 

These analyses show that 12-month SPEI is not sufficient to fully characterize 

meteorological drought in the studied region. One might ask why not use, for example, 1-month 

SPEI to identify short-term changes in drought conditions? Figure 2.13b compares 1-month 

SPEI with monthly DE (or EXC). In this case, the issue with using the SPEI lies on the existence 

of dry months in which almost no precipitation occurs throughout the entire time series, and 

therefore have little influence on attenuating dry conditions. There can also be months in which 

registered precipitation is still much higher than PET even in unfavorable years for the 

occurrence of rainfall. For example, in December 2006 (detail in red in Figure 2.13b) the SPEI 

is slightly negative while the actual condition was of a remarkable water surplus. 

Similarly, Figure 2.14a shows that for the semiarid (LMSF) region this is also true. The 

SPEI indicates a dry period starting in April 2015 that peaks in 2016, while in reality water 

deficit started accumulating in August 2014, as revealed by the monthly DE series. In Figure 

2.14b one can also notice that in this same period 1-month SPEI presents a high variability, and 

it poorly represents the actually observed hydrometeorological conditions. For example, in the 

dry months of 2014 the SPEI retrieved some positive values, while in reality these are known 
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to be the dry months in the region. In September, monthly SPEI was of 0.55 which is classified 

as normal (wet) according to Table 2.4 while in reality total precipitation this month was of 15 

mm, which is insufficient to attenuate any dry condition in the region. 

Figure 2.14 – Difference between monthly excess water (EXC) and deficit of evaporation 

(DE) (colored bars) and: (a) 12-month SPEI (black line); (b) 1-month SPEI (black line) in 

the Lower-middle São Francisco – LMSF region during the period from Jan/2011 to 

Dec/2016. 

 

In order to strengthen the discussion on the limitations of using monthly SPEI for the 

identification of short-term changes in drought conditions we propose a simple analysis of its 

relationship with the original distribution of P – PET values. Figure 2.15 shows this relationship 

for two key-months: December in the USF, marked by a high variability of rainfall, but in which 

high rainfall volumes always occur, and September in the LMSF, which is the month 

representing the peak of the annual dry season in the region, with almost no rainfall variability 

and consistent zero or near-zero precipitation. 
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Figure 2.15 – Relationship between 1-month SPEI and the difference between precipitation 

(P) and potential evapotranspiration (PET) in December for the Upper São Francisco – USF 

and September for the Lower-middle São Francisco – LMSF. 

 

For September in the LMSF, the figure shows that the water deficit condition is nearly 

constant throughout the entire time series (approximately -100 mm). Thus, the monthly 

classification proposed by the SPEI makes no physical sense, because even when the index 

assumes high positive values, the actual observed condition is of intense water deficit. For 

December in the USF the analysis can be carried out analogously. Although indeed there is a 

great variability in P – PET values, ranging from -16 to 410 mm, there is a noteworthy 

predominance of positive values, that is, water surplus. Thus, even negative SPEI values are 

associated, in reality, with situations of water surplus in the USF. 

Table 2.7, on the other hand, highlights how the use of the SPEI may lead to imprecise 

conclusions in relation to the frequency and intensity of occurrence of drought events in regions 

with similar characteristics to the studied region. The SPEI indicates that, in the 75 years of 

study, 17.2% of the December months in the USF were severely dry and only 17.4% were 

severely or extremely wet. Although these results describe the behavior of the P – PET balance 

around its own mean, in physical terms the DE indicates that 93.3% of the months presented a 

positive water balance. Equivalently, for September in the LMSF, SPEI indicated that 22.7% 

of occurrences were severely or extremely wet months, and only 14.7% were severely or 

extremely dry months. In reality, in 92% of the occurrences there was a DE between 80 and 

120 mm, which represents a severe water deficit. 
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Table 2.7 – Frequency of occurrence of Standardized Precipitation-Evapotranspiration Index 

(SPEI) and deficit of evaporation (DE) classes for the months of December in the Upper São 

Francisco – USF and September in the Lower-middle São Francisco – LMSF. 

SPEI 

Classification 

Dec. USF 

(%) 

Sep. LMSF 

(%) 

DE 

Classification 

Dec. USF 

(%) 

Sep. LMSF 

(%) 

> 2,00 2.7 2.7 P > PET, EXC 93.3 - 

1,00 to 1,99 14.7 20.0 P > PET* 4.0 - 

0,00 to 1,00 34.7 25.3 < 40 mm 2.7 - 

-1,00 to 0,00 30.7 37.3 40 to 80 mm - 1.3 

-1,99 to -1,00 17.2 13.3 80 to 120 mm - 92.0 

< -2,00 - 1.4 ≥ 120 mm - 6.7 
*recovery of the available water capacity (AWC) 

Finally, one can observe through Figure 2.16 the spatial consequences of the present 

discussion. The figure shows the monitoring of the spatial evolution of a drought event in the 

SFW through monthly SPEI and DE, focusing on the period from July 2011 to June 2012. The 

period from July to September marks the dry season in basically the entire watershed (with the 

exception of the LSF), with the increase in water deficits starting on the northwestern portion 

of the MSF and western LMSF, as illustrated by the DE. The SPEI, on the other hand, does not 

properly represents this evolution and even assumes positive values in August in the LMSF. In 

October, drought peaks at the LMSF while the first rains of the wet season occur in the USF 

and the MSF, recovering the AWC and generating excess water. This pattern persists until 

January 2012 in these regions and both the DE and the SPEI accurately represent it. During this 

period in the LMSF the SPEI indicates an overall normal condition. However, in this transition 

between the dry and wet season over the Brazilian Semiarid the DE indicates a persistence of 

water deficit conditions. During the semiarid wet season (March to May), the SPEI accurately 

represents the occurrence of negative anomalies that contributed to make 2012 an extremely 

dry year. Similarly, the DE also represents this pattern, with an expansion of areas in the MSF 

and the LMSF with deficits above 80 mm. 
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Figure 2.16 – Spatial pattern of the evolution of drought in the period from July 2011 until 

June 2012 according to the 1-month Standardized Precipitation-Evapotranspiration Index 

(SPEI) and the monthly deficit of evaporation (DE). 

 

These results show that the SPEI can be properly used at larger time scales for the 

characterization of persistent drought events in regions with a climate regime similar to the 

SFW. It can also be used to accurately determine dry years and to map the evolution of a drought 

event. However, in these regions, the SPEI cannot represent short-term monthly changes due to 

the skewed distribution of rainfall in certain months. The DE index, on the other hand, can be 

used in a similar fashion while also retaining the physical sense of its interpretation. 

Furthermore, it can be used at the monthly scale to monitor drought conditions while retrieving 

accurate results. 

2.10.2. Meteorological drought incidence patterns 

Calculating the sequential water balance at the monthly scale allows the monitoring of 

the evolution of water deficit in the SFW. Figure 2.17 shows this monthly classification for 

mean time series over the USF, MSF, LMSF and LSF. A purely visual analysis reveals, for 

example, that the months from December to March in the USF are marked by water surpluses. 
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This means that, in this region, rainfall during the wet season is usually sufficient to meet 

atmospheric demands and recover the AWC of the soil. In the MSF, which is the transition zone 

between the more humid climate typical of the USF and the semiarid LMSF, the wet season 

occurs approximately at the same period, but is not strong enough to assure the occurrence of 

frequent water surplus. Indeed, one can notice an intensification of deficits especially over the 

last decades of the time series. 

Figure 2.17 – Interannual variability of the sequential water balance in the Upper São 

Francisco – USF; Middle São Francisco – MSF; Lower-middle São Francisco – LMSF; and 

Lower São Francisco – LSF, in the period from 1942 to 2016. 

 

In the LMSF, the drought pattern is marked by the almost permanent persistence of 

water deficit conditions. Rainfall is concentrated in the months from February to May and not 
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always is enough to surpass atmospheric demands, especially because of high temperatures in 

this region. In the LSF, the wet season (May to July) normally registers positive water balance 

values although it is possible to observe a clear reduction in the occurrence of months with 

water surplus in the last decades. 

Results from Figure 2.17 can be better discussed through a statistic and probabilistic 

perspective. Therefore, Figure 2.18 shows the monthly frequency of occurrence of each water 

balance class in each subregion of the SFW in each 25-year period of the studied time series. It 

is possible to observe that, in the USF, positive water balances were usually assured by the peak 

of the wet season in December in the first 50 years of the series. In the period from 1992-2016, 

however, low deficits (< 40 mm) have occurred in 8.0% of the occasions. Similarly, the 

frequency of deficits in February increased from 16.7% in 1942-1966 to 36.0% in the last 25 

years. In relation to the dry season, the frequency of occurrence of deficits between 40 and 80 

mm in July also increased from 16.0% to 64.0% throughout the studied period, indicating that 

the dry season may be starting earlier in the region. This is reinforced by the fact that deficits 

between 40 and 80 mm could also be observed, even though timidly, since February in the 

period from 1992 to 2016, which was not observed in the first half of the time series. 

In the MSF, one can notice a reduction in the frequency of months with water surplus 

at the onset of the wet season: from 32.0% to 8.0% in November and from 72.0% to 44.0% in 

December. Another remarkable change in the MSF refers to the increase in the frequency of 

months with extreme deficit (> 120 mm) in the dry season, more precisely in September and 

October. While deficits with this intensity were nearly inexistent in the period from 1942 to 

1966, they represent 32.0% of the months of September and October in the last 25 years. 

In the semiarid portion of the SFW, the LMSF, there are no latent changes in the 

frequency of occurrence of water deficit months during the dry season, which remained roughly 

with the same duration and intensity during the studied period. However, the wet season 

presented drastic changes. In the first 50 years of the series it is possible to note water surpluses 

in all months of the wet season (mainly February to April), even if with a low frequency (4 to 

12.5%). However, in the period from 1992 to 2016 only March presented water surplus and in 

only one year. In all other years of this last 25-year period the rainfall occurring during the wet 

season was not capable of surpassing the atmospheric demand for water in order to recover the 

AWC. 
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Figure 2.18 – Monthly frequency of the sequential water balance in the Upper São 

Francisco – USF; Middle São Francisco – MSF; Lower-middle São Francisco – LMSF; and 

Lower São Francisco – LSF, in the periods from: 1942 to 1966, 1967 to 1991 and 1992 to 

2016. 

 

Finally, Figure 2.18 shows that in the LSF the dry period usually extended until March 

with deficits higher than 40 mm in 66.7% of the cases from 1942 to 1966. In the last 25-year 

periods, however, this frequency accounted for 96.0% of the cases. As in the LMSF, the wet 

season seems to have been through important changes. In the first 50 years of the series, water 

surpluses could be observed from March to August, with frequencies of up to 41.6% during 

June and July. In the period from 1992 to 2016, the occurrence of excess water was limited to 

the months from May to July, with a maximum frequency of 28.0% in July. 
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Regarding the spatial characteristics of meteorological drought, deviations from the 

mean behavior throughout the 75-year period can be observed, month by month, in Figure 2.19 

and Figure 2.20. January is the second wettest month in the USF and the western MSF, 

characterized by summer rains associated with the establishment of the SACZ 

(CAVALCANTI, 2012; DE OLIVEIRA; SANTOS E SILVA; LIMA, 2017). The zone where 

water surpluses occur in these regions diminishes with the end of summer and the arrival of 

spring, and in June water deficit conditions can be observed in almost the entirety of these 

portions of the basin (Figure 2.19). The coastal region (LSF) presents an opposite behavior, 

with the peak of the dry season occurring in January and the wet season establishing during the 

austral winter. 

In the first half of the year, water deficit conditions behave as a spot (Figure 2.19) 

extending over the LSF, the LMSF and the northeastern MSF. Until April, this spot maintains 

basically the same proportions, but with reducing intensities over the LSF. From April on, the 

spot drastically expands, with deficits ranging from 40 to 80 mm and encompassing most of the 

watershed in June, with the exception of the USF and the LSF. In this period, important deficits 

(between 80 and 120 mm) are observed over the border between the MSF and the LMSF. 

The months of May and June presented low variability in the first three 25-year periods 

in relation to the mean behavior. April presented deficits 1.2 to 1.6 times higher in the last 25 

years in the LSF, in the northern LMSF and mainly in the western MSF. The maps in Figure 

2.19 also show that in the period from 1967 to 1991 the southwestern portion of the MSF 

presented deficits 1.6 times more intense than normal, while in the period from 1992 to 2016 

they were lower over this region. On the other hand, the last 25 years in the USF also presented 

more severe deficits during the first three months of the year. 

In the second half of the year (Figure 2.20) the drought spot expands until reaching 

basically the entire SFW in September. In these months, deficits between 80 and 120 mm are 

observed throughout the entire MSF and LMSF. From October to December the spot begins to 

retract due to the beginning of the wet season in the USF and western MSF during the austral 

autumn. However, it is precisely during this period that dry conditions are more intense (> 120 

mm) over the LMSF and the LSF. 
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Figure 2.19 – Spatial distribution of the mean deficit of evaporation (DE) over the São 

Francisco watershed in the months from January to June in the period from 1942 to 2016. 

The smaller maps show the proportion of the mean DE in each 25-year period: 1942 to 

1966, 1967 to 1991 and 1992 to 2016. 

 

Regarding the variability of drought incidence throughout the 75 years of study, Figure 

2.20 shows that from July to September no remarkable variability patterns occurred. In October, 

however, more water deficits occurred in the last 25 years in the USF and the western MSF. 
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Figure 2.20 – Spatial distribution of the mean deficit of evaporation (DE) over the São 

Francisco watershed in the months from July to December in the period from 1942 to 2016. 

The smaller maps show the proportion of the mean DE in each 25-year period: 1942 to 

1966, 1967 to 1991 and 1992 to 2016. 

 

The months from November to December presented a curious behavior in the USF and 

the western MSF during the period from 1966-1991 and 1992-2016. While generally 1.6 times 

more water deficits occurred in November (December) in 1966-1991 (1992-2016) in this 

region, December (November) presented up to 60.0% less deficits in the same period. These 

results indicate that the period from 1966 to 1991 was possibly characterized by a prolonged 

dry season over this region, with deficits persisting until November. On the other hand, from 
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1992 to 2016 more important deficits were observed in December, indicating a potential 

weakening of rains or an increase in temperatures during the wet season. 

Results on the monthly behavior of meteorological drought as described by the water 

balance are consolidated in Figure 2.21 and Figure 2.22. Figure 2.21 shows that the LMSF and 

the surrounding portions of the MSF and LSF usually do not present months with excess water. 

These are regions that, even during the wet season when precipitation surpasses PET, the 

positive water balance may recover the AWC but may not be sufficient to generate water 

surplus. Evidently, these results should be taken with care, since we used a homogeneous AWC 

for the entire surface of the basin. Through a meteorological perspective, this result corroborates 

with the knowledge that the wet season over this region is usually short and weak while PET is 

usually high. 

Figure 2.21 – Mean and lower quartile (Q1) of the number of months with water surplus in 

the São Francisco watershed in the period from 1942 to 2016. The variation in the number 

of months in relation to the mean is shown in the smaller maps: 1 – from 1942 to 1966, 2 – 

from 1967 to 1991 and 3 – from 1992 to 2016. 

 

The coastal portion of the LSF, the western MSF and the USF, on the other hand, present 

an average of two to six months with water surplus per year. This is particular important if we 

consider that some of these regions encompass the watershed portion near the source of the São 
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Francisco river. Through a climatological perspective, it is a region with plenty of water surplus, 

which leads to reliable conditions for the recharge of the main water body. In fact, Figure 2.21 

also shows that even when considering unfavorable scenarios (Q1 – first quartile) the USF still 

presents from two to four months with water surplus. This characterization reinforces the 

strategic importance of the São Francisco river to the semiarid region of Brazil, since even in 

unfavorable years the water balance over the USF is positive during a third of the year. 

By comparing the variability of the number of months with water surplus in the SFW in 

each 25-year period (Figure 2.21) one can notice an evident unfavorable scenario in the period 

from 1992 to 2016. In fact, what is shown is not a deterioration of drought conditions in the 

semiarid region, but rather an expansion of areas with zero to two months of water surplus per 

year. This expansion is noteworthy mainly in the central MSF and the LSF. 

As a complement to Figure 2.21, Figure 2.22 shows the mean number of water deficit 

months per year in the SFW. It can be observed that most of the LMSF and the surrounding 

MSF and LSF present from 10 to 11 months per year with precipitation rates lower than PET. 

In the western MSF and the USF the number of deficit months ranges from five to a maximum 

of eight. The map that shows the number of deficit months in unfavorable scenarios (Q3 – third 

quartile), however, does not reveal any remarkable difference from the normal behavior, 

especially over the USF. In this region, the combined analysis of Figure 2.21 and Figure 2.22 

reveals that there is not necessarily an enlargement of the water deficit period during 

unfavorable years, but rather a reduction in the number of months in which the positive water 

balance is relevant to the point of generating water surplus. 

Figure 2.22 also reveals an increase in the number of deficit months in the central portion 

of the MSF and the LSF in the period from 1992 to 2016 in relation to the normal behavior. 

This result corroborates with what was shown in the previous figure, in which the region with 

persistent negative water balance appears to be expanding from the LMSF towards the LSF and 

the MSF. 
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Figure 2.22 – Mean and upper quartile (Q3) of the number of months with water deficit in 

the São Francisco watershed in the period from 1942 to 2016. The variation in the number 

of months in relation to the mean is shown in the smaller maps: 1 – from 1942 to 1966, 2 – 

from 1967 to 1991 and 3 – from 1992 to 2016. 

 

The maps shown in the previous figures allow the identification of the spatial variability 

of the water balance over the SFW and also considering periods of 25 year within the total 

studied time series. Regarding the mean behavior in each subregion, it is also possible to 

evaluate the behavior and trends in drought incidence and extension. In this sense, Figure 2.23 

shows that in the USF there is a non-significant reduction trend in the number of months with 

positive water balance. However, there is a positive increasing trend in the number of deficit 

months, observed especially from the 1990s. The same behavior can be observed for the MSF. 

This result indicates that in these two regions the water deficit periods are becoming longer in 

average, while periods of positive water balance are becoming shorter. 

In the LMSF, no significant trend was found. This means that at the interannual scale, 

there is no increasing or decreasing trends for periods of water deficit. This does not mean that 

the magnitude of dry periods is not intensifying, because this analysis refers to the occurrence 

of deficit months per year. In the LSF, more significant trends are detected. At the beginning 

of the studied period there were six deficit months per year on average while in the last portion 
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of the time series this number increased by two months. Analogously, the number of months in 

which rainfall surpasses PET is reducing significantly. 

Figure 2.23 – Annual behavior of the number of months in which P > PET and the number 

of months with deficit of evaporation (DE) higher than 40 mm in the Upper São Francisco – 

USF; Middle São Francisco – MSF; Lower-middle São Francisco – LMSF; and Lower São 

Francisco – LSF. Significant (α = 5%) linear trends (black line) are marked with a star (*). 

 

Figure 2.24 shows the linear trends of expansion or reduction in the mean monthly 

extension of the water balance in each subregion of the SFW. In the USF, even if a rupture can 

be identified in the series in 2012, it was not sufficient to lead to a significant increasing or 

decreasing trend in the area affected by water deficit or surplus. In the MSF, there is a significant 

increasing trend in the extension of water deficit incidence and a decreasing trend in the 

extension of water surplus incidence. This results also agrees with what was spatially observed 

in Figure 2.21 and Figure 2.22, which showed an apparent expansion of semiarid regions where 

PET is higher than precipitation throughout most part of the year from the LMSF toward the 

central portion of the MSF.  
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Figure 2.24 – 12-month moving average behavior of the area with water deficit or surplus 

in the Upper São Francisco – USF; Middle São Francisco – MSF; Lower-middle São 

Francisco – LMSF; and Lower São Francisco – LSF. Significant (α = 5%) linear trends 

(black line) are marked with a star (*). 

 

Since it consists of a semiarid region, the LMSF already has a pretty significant mean 

area afflicted by water deficit, but a statistically significant increasing trend was found for this 

subregion. In the LSF, results are once again revealing, with significant increasing trends for 

the areas afflicted by water deficits and significant decreasing trends for the area with water 

surplus. This is also coherent with what was observed in previous results indicating an 

expansion of semiarid areas from the LMSF towards the coastal SFW and the central MSF. 

The results presented so far must be analyzed in the context of recent studies that 

evaluated climate change scenarios in the SFW. Marengo et al. (2012) projected, until 2040, an 

increase of approximately 1.5 ºC in mean annual temperature over the basin. In the same study, 

the authors also projected a reduction of approximately 20.0% in summer rainfall over the SFW, 

which was corroborated by the study by De Jong et al. (2018). Under this perspective, the 

evolution of the water balance in the watershed points towards an increase in the frequency of 
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scenarios in which P < PET due to the reduction in precipitation or the increase in temperature 

(PET). 

Previous studies analyzed trends in extreme precipitation indices in the SFW and found 

that the intensity of precipitation events is reducing and that these events are occurring in shorter 

periods of time in the entire basin (BEZERRA et al., 2019). Simlarly, Souto, Beltrão and 

Teodoro (2019) reported that approximately 69.0% of the extension of the SFW presents a 

decreasing trend in annual rainfall amount, although no statistical significance was found. 

Overall, results found in the present study corroborates and reinforce such findings. The 

analysis of the water balance showed a clear reduction in the occurrence of months with water 

surplus in the entire basin in the period from 1992 to 2016. Furthermore, results detected 

significant increasing trends in the number of deficit months in the USF, MSF and LSF. 

By analyzing each subregion individually, results showed that the LSF and the central-

eastern portion of the MSF are those in which more changes were detected in the period from 

1992-2016 in relation to the mean climatological behavior. Furthermore, these regions present 

significant trends of expansion of areas under the influence of water deficits, while decreasing 

trends were found for areas under the influence of water surplus. This result provides a finer-

scale perspective to what was previously found in the study by Dubreuil et al. (2019), in which 

an expansion of regions under semiarid climate was detected in Brazil over the last years. 

Indeed, in the SFW this expansion would be perceived by the expansion of the area under water 

deficit and their more frequent occurrence over the MSF and the LSF. 

Although no trends were found for the reduction of water surplus months in the USF, 

an increase in the frequency of occurrence of water deficit months was found in this region. As 

previously discussed, these results might indicate that the dry season is starting earlier or 

becoming longer. Indeed, previous specific studies over the USF showed a reduction in total 

precipitated amount and an increase in the number of consecutive dry days in most part of this 

subregion (SANTOS et al., 2017, 2018). 

Finally, in order to complement the drought analysis proposed in this study, the behavior 

of meteorological drought incidence in the SFW will be evaluated based on the occurrence of 

large-scale teleconnection patterns. Figure 2.25 shows the mean annual anomalies of the water 

deficit in the SFW in each scenario previously described in Table 2.6 in relation to the normal 

scenario (NOR). The figure also shows the characterization of the mean anomalies of the NOR 

scenario in relation to the total mean pattern obtained from the entire 75 years of study. One 
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can observe that, despite the NOR scenario refers to years when large-scale mechanisms 

supposedly were in their neutral phases, it is a rather dry NOR scenario in comparison to the 

entire period, especially in the MSF. This information should be taken into consideration when 

analyzing the other scenarios, since it represents the baseline scenario. 

Figure 2.25 – Annual anomaly of the accumulated deficit of evaporation (DE) during the 

wet season in each teleconnection scenario in relation to the normal scenario (NOR): for 

EN_P, AMM_P and EN_INT: February to May; for LN_P, AAO_P and LN_INT: 

November to March. The anomalies in the NOR scenario in relation to the mean of the 

entire 1942-2016 period is also shown for comparison. 

 

In the EN_P scenario (influence of the El Niño alone) the regions of the LMSF and the 

LSF presented positive anomalies of more than 50 mm in basically all their extension. 

Furthermore, anomalies between 10 and 50 mm were observed in the central portion of the 

MSF and the USF. Negative anomalies are expected in the northern portion of the basin due to 

the displacement of the Walker cell towards the central Equatorial Pacific during El Niño 

events. This displacement makes the descending branch of the Walker cell to remain over the 

NEB, inhibiting convection and cloud formation and, consequently, precipitation 

(ANDREOLI; KAYANO, 2006; CHIANG; VIMONT, 2004; KANE, 1997; MEDEIROS, 

2019). In these cases, the occurrence of more intense rainfall is also expected in the Southeast 
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and South of Brazil, which encompass the southernmost portion of the USF. The figure, 

however, do not show negative anomalies in the water deficit over this region. In fact, Grimm 

and Tedeschi (2009) showed that the response observed in precipitation extremes during El 

Niño episodes is less consistent than during La Niña events in a considerable portion of South 

America. 

In years when the La Niña acted isolated (LN_P) the opposite was observed. Negative 

DE anomalies were detected over the LMSF, part of the LSF and the MSF. In the USF, positive 

anomalies were found, although with a low magnitude. In the MSF a nucleus of positive 

anomalies surrounded by the expected negative anomalies can be observed. A possible 

explanation for this pattern might be associated with the positioning of the cores of UTCV over 

this region during austral summer. These high-pressure cores inhibit precipitation and transport 

moisture to the borders of the system, where intense rainfall occur. The influence of the UTCV 

on the MSF region inhibiting precipitation during La Niña years was previously studied by 

Gurjão et al. (2012). 

In the AMM_P scenario one can observe the isolated influence of the displacement of 

the ITCZ towards the higher latitudes of the northern hemisphere during the wet season in the 

northern portion of NEB. This effect, caused by the anomalous warming of the Tropical North 

Atlantic Ocean is consistent and was investigated in several studies in the region (ANDREOLI; 

KAYANO, 2006; HASTENRATH, 2006; KAYANO et al., 2018; MEDEIROS, 2019; UTIDA 

et al., 2019). It leads to important positive water deficit anomalies (higher than 50 mm) in the 

northern portion of the MSF, the LMSF and the LSF. It is curious to note, however, that 

reductions in the annual water deficit were also observed in the central-south portion of the 

MSF and the northern USF in this scenario. 

The spatial pattern observed in the AMM_P scenario is basically the same as in the 

EN_INT (El Niño combined with warmer SST over the Northern Tropical Atlantic Ocean) 

scenario. Regions with positive DE anomalies are limited to the northern MSF, but they have 

important magnitudes. Similarly, reductions in the water deficit are observed more intensively 

in the central-southern MSF and the USF. Previous studies showed that the changes in the 

Walker cell and the Hadley cell (associated with the ITCZ) during El Niño events affect 

precipitation in the northern portion of the NEB, which is further intensified by the positive 

AMM (ANDREOLI; KAYANO, 2006; DE SOUZA; AMBRIZZI, 2002; MEDEIROS, 2019). 
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The AAO_P scenario (southern hemisphere westerlies displaced further north) drives 

two effects over the SFW. On the one hand, the negative AAO phase is associated with the 

reduction in the SACZ activity or its displacement further north (CARVALHO; JONES; 

LIEBMANN, 2004; CAVALCANTI, 2012; ROSSO et al., 2018; ZILLI; CARVALHO; 

LINTNER, 2019). This effect can be perceived by observing the positive DE anomalies in the 

entire USF and the western MSF. On the other hand, the northernmost positioning of the 

westerlies strengthens the southern subtropical jet and displaces it further north (CARVALHO; 

JONES; AMBRIZZI, 2005; REBOITA; AMBRIZZI; DA ROCHA, 2009). These effects 

increase cyclonic activity in the northern portions of the southern hemisphere, which may favor 

the formation of the SACZ in a dislocated position or may intensify the propagation of FS 

towards the central-western Bahia state (mostly the MSF). Thus, negative DE anomalies can be 

observed in the eastern MSF extending towards the LMSF. 

Finally, the LN_INT scenario, which combines La Niña with the negative phase of the 

AAO, features the same spatial patterns observed in the AAO_P scenario. In this case, however, 

the pattern is more intense, but less consistent. It should be noted that this scenario is composed 

by only two years of data (1950 and 1970), which is a rather small sample to delineate a reliable 

pattern. The study by Carvalho, Jones and Ambrizzi (2005) had already shown that there is a 

relationship between La Niña and the negative phase of the AAO, although the extreme 

occurrence of these events will not always be associated with one another. 

Results shown in Figure 2.25 mostly agree with the expected responses in each 

subregion of the SFW based on previous regional, global and watershed scale studies. For 

example, Galvíncio and Sousa (2002) showed that the El Niño (La Niña) would be associated 

with negative (positive) precipitation anomalies in the LMSF and positive (negative) anomalies 

in the USF. However, said study was based on only one representative El Niño and La Niña 

year. The present study showed that, when considering multiple representative El Niño and La 

Niña years, this pattern indeed seems to be confirmed for the LMSF but for the USF the effects 

of the ENSO phase seem to be less consistent. Other studies have assessed the relationship 

between rainfall in the SFW (or its subregions) and the ENSO, finding similar results (GURJÃO 

et al., 2012; DOS SANTOS et al., 2011; SANTOS et al., 2019; SUN et al., 2016). Specific 

results related to the AMM and AAO influence over the SFW were previously reported by 

Paredes-Trejo et al. (2016), but focusing on the USF. Results reported in the present study 

corroborate with the study by these authors. It is worth mentioning that the present study is 
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unprecedent regarding the description of the average spatial pattern of the effects of different 

large-scale mechanisms that influence drought incidence over the SFW. 

2.11. Conclusion 

The objective of this study was to characterize meteorological drought in the SFW, 

considering its intensity, frequency and extension. A critical discussion was carried out 

regarding the use of the SPEI for the identification of droughts in the semiarid and subtropical 

subregions of the basin, comparing it with the DE obtained through the TM-CWB. The water 

balance and the DE were then used to characterize drought in the SFW, also considering 

scenarios influenced by different large-scale circulation mechanisms. 

The comparison between the SPEI and the water balance showed that both indices 

retrieve similar results when applied to large time scales, such as 12-month periods. At this 

scale, the recurrent problem associated with the skewed rainfall distribution during dry months 

in semiarid and subtropical climate regions does not exist. However, for the monthly monitoring 

of drought conditions, the use of the DE was more advantageous because it better represented 

short-term (monthly scale) shifts in water availability conditions. Furthermore, DE is not 

affected by the skewed distribution of data in dry months, categorizing months based on the 

physical aspects of drought and not only deviations from the mean. On the other hand, using 

the DE requires caution, especially when comparing regions under the influence of different 

climate types since the results found will probably have discrepant magnitudes. 

Meteorological drought characterization in the SFW showed that the phenomenon is 

recurrent in the LMSF and in the surrounding areas of the LSF and the MSF. In these regions, 

high DE are frequent and water deficit conditions are observed in 10 to 11 months per year. 

Even in the wet season, rainfall is usually sufficient to recover AWC, but important water 

surpluses are rare. Drought in this region is also greatly intensified by the influence of El Niño, 

the occurrence of the positive AMM phase and the interaction between these two phenomena. 

Results indicated that there is an increasing trend for the expansion of drought-affected areas 

from the LMSF toward the MSF and the LSF. In these regions, water deficits are expected to 

become more frequent, while months of water surplus will occur more scarcely. 

The results of this study also showed that the USF is the subregion that have been 

suffering less changes in climatological drought patterns. No significant trends were identified 

for the expansion of areas affected by water deficits in this region, although the period from 
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2012 to 2016 was marked by the persistence of negative water balance conditions. In the USF, 

the only significant trend found regarded the increase in the number of months with water 

deficit per year, which might indicate a shortening of the wet season. Regarding the influence 

of large-scale mechanisms, results showed that the region is less affected than the remaining of 

the basin, but is susceptible to unfavorable drought conditions during La Niña and negative 

AAO episodes. 
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CHAPTER 3: CLIMATOLOGICAL DROUGHT ASSESSMENT OVER SMALL-

SCALE SEMIARID WATERSHEDS: THE CASE OF THE PIRANHAS-AÇU BASIN 

The discussions addressed in the second chapter regarding methodological issues to be 

dealt with before actually characterizing drought over semiarid environments should always be 

considered when carrying out such studies. However, the SFW presented specific 

characteristics in the NEB regarding its spatial dimension and the availability of observational 

data. These specificities allowed the conduction of a detailed validation of alternative datasets 

and the use of methods based on the water balance. However, when studying smaller-scale local 

watersheds the overall scenario is slightly different. The already sparsely and heterogeneously 

distributed measuring network can become a serious limitation to the development of long-term 

spatial drought assessment based on the water balance. Therefore, in this third chapter we 

propose a different approach to the characterization of drought in the NEB, with a special focus 

on the particular characteristics of small-scale basins regarding data availability. 

Among the many potential small-scale water basins to be selected, we opted to study 

the Piranhas-Açu river watershed, which is entirely located in the Brazilian Semiarid and 

encompasses an area of 43,681 km² (approximately the size of the USF) in the Rio Grande do 

Norte (RN) and Paraíba (PB) states. Like many other semiarid basins in the NEB, the PAW 

comprises at least 52 dams with the capacity to store more than 10 hm³ of water, which are 

strategic to the water supply scheme of the region. Among these, the Coremas Mãe-d’Água 

reservoir in the Paraíba (PB) state and the Armando Ribeiro Gonçalves reservoir in the Rio 

Grande do Norte (RN) state account for approximately 70% of total available surface water in 

the PAW (ANA, 2014). These reservoirs assure water supply to part of the population in both 

states, and are crucial to the development of mining, aquaculture and irrigated agriculture in the 

region (ANA, 2014). In 2014, the gross domestic product of the basin was of approximately R$ 

16.5 billion (U$ 7.7 billion at the currency of that time) which represented roughly 18% of total 

gross product of the RN and PB states that year (IBGE, 2016). 

Despite being entirely located in the Brazilian Semiarid and having rather small 

proportions, the PAW still presents some physical geographical aspects that cause some 

variability in its climate and landscapes (Figure 3.1). For example, the Borborema Plateau 

located at the southeastern PAW with altitudes varying from 800 to 1000 m is known to 

influence on the inhibition of rainfall over the adjacent depression (Depressão Sertaneja). 

Reboita et al. (2016) showed that, indeed, the Borborema Plateau orographic effect causes 



124 

 

subsidence over the Depressão Sertaneja, increasing its temperature and reducing relative 

humidity. Therefore, the central portions of the PAW are usually drier than its upper portions, 

which have higher altitude and therefore are slightly wetter (Figure 3.1). 

Figure 3.1 – Main geographical and climate features of the Piranhas-Açu watershed. 

Adapted from Mutti (2018) and Mutti et al. (2019). 

 

However, to this moment only a few relevant studies have been developed with the 

objective of detailing the climatological aspects of rainfall or drought over the PAW (FELIX, 

2015; MUTTI et al., 2019). Thus, this chapter provides the first in-depth study on rainfall 

climatology over this watershed while also characterizing drought incidence and its relationship 

with large-scale atmospheric systems. 

In the case of the PAW, the lack of consistent, gapless, long-term meteorological data 

was addressed differently if compared to the study over the SFW presented in chapter 2. We 

now proposed the gap-filling of all available monthly time series with up to 30% of gaps. For 
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this end, we used three different gap-filling methods, selecting the best-performing ones for 

each missing data. Additionally, since temperature data in the region is even more scarce (only 

seven heterogeneously distributed measuring stations, as evidence by Mutti et al. 2019) than in 

the SFW, we used a drought index derived only from rainfall data: the mRAI. 

The framework proposed in this study also comprises the use of statistical tools such as 

principal component analysis and cluster analysis in order to identify potential differences in 

rainfall regimes within the basin. For example, the physical influence of geographical barriers 

on rainfall over the PAW creates different patterns within the base although it is entirely located 

in a semiarid region. Identifying the spatial limits of these patterns may evidence different 

specific drought characteristics in relation to the influence of large-scale atmospheric 

mechanisms, for example. We expect that the framework proposed in this chapter can be 

replicated and used in other watersheds within or without the NEB that present similar climate 

and data availability characteristics. 
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A detailed framework for the characterization of rainfall climatology in semiarid 

watersheds 

Article published in the Theoretical and Applied Climatology journal (BRAZILIAN 

QUALIS B1; SCIMAGO JR Q2; JCR: 2.882) and fully available at: 
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CHAPTER 4: REMOTE SENSING MONITORING OF VEGETATION OVER 

DESERTIFICATION HOTSPOTS: ALTERNATIVE APPROACHES 

The discussions and results presented in Chapter 2 and Chapter 3 are of an undeniable 

importance since meteorological drought is the precursor event on drought propagation models. 

On the other hand, studying the effects of these events on the vegetation and hydrological 

systems is also needed. In vulnerable regions such as the NEB, both climate change and human 

activities are responsible for the intensification of land degradation and for exerting pressure 

over natural ecosystems. In this context, remote sensing techniques are invaluable tools for the 

monitoring of surface dynamics, providing evidences on the response of vegetated lands to 

climate and/or anthropic influence. 

To explore the use of remote sensing on the monitoring of vegetation response to 

drought over the NEB, we opted for a different spatial unit of analysis in this fourth chapter. 

Instead of watersheds, this study focuses on six desertification hotspots in the NEB: Irauçuba 

(IRA), Jaguaribe (JAG), Cabrobró (CAB), Inhamúns (INH), Seridó (SER) and Gilbués (GIL), 

as defined by the National Institute of the Semiarid. All these hotspots are entirely located in 

the Brazilian Semiarid region, except for GIL, which is only partially situated in it. Therefore, 

the main vegetation type on these hotspots is the Caatinga, with the exception of the GIL 

hotspot which is mainly covered by the Cerrado vegetation (Figure 4.1) 

These areas have common characteristics that classify them as desertification hotspots 

and which have been previously discussed in Chapter 1. They refer to areas with a rich native 

biodiversity that are under the influence of both harsh climate conditions and the expanding 

influence of human activities. Particularly, the hotspots located in the semiarid NEB have been 

impacted by the extraction of firewood, poor soil management practices, soil salinization and 

extensive livestock farming (TOMASELLA et al., 2018). The GIL hotspot, on the other hand, 

is located at what is currently considered one of the largest expanding agriculture frontiers in 

the world: the MATOPIBA region comprising the states of Maranhão (MA), Tocantins (TO), 

Piauí (PI) and Bahia (BA) (DOS REIS et al., 2020; REIS et al., 2020). 

There is a huge amount of drought indices derived from remote sensing, and even 

promptly available land-use change tools such as the MapBiomas (https://mapbiomas.org/) 

initiative, that can aid in the monitoring of such fragile areas. Nevertheless, specific studies on 

vegetation monitoring by remote sensing over these desertification hotspots are still scarce. The 

main recent contribution is the study by Tomasella et al. (2018), which proposed a NDVI-based 
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index to monitor bare soil areas in the NEB. The authors reported land degradation in the 

Brazilian Semiarid desertification hotspots is increasing due to the occurrence of persistent 

drought events, particularly the 2012-2016 drought. 

Figure 4.1 – Land cover classification and location of Brazilian desertification hotspots. 

 

The preliminary study by Mutti and Bezerra (2018) also provided initial evidence 

regarding an increase in land degradation over the aforementioned Brazilian desertification 

hotspots. These authors detected significant negative trends in NDVI over almost the entire 

extension of all hotspots over the period from 2000 to 2018 (Figure 4.2). Curiously, the analysis 

also showed positive NDVI trends in some regions of the CAB hotspot, which is located in the 

SFW. These trends are associated with the development of irrigated districts near the São 

Francisco river. The GIL region seems to be the most intensely affected hotspot, with negative 

trends of up to -0.3 (given that NDVI ranges from -1 to 1) in several portions of its area. 
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Figure 4.2 – Magnitude of trends in NDVI (2000-2018) over six desertification hotspots in 

Brazil: Irauçuba – IRA; Jaguaribe – JAG; Cabrobró – CAB; Seridó – SER; Inhamúns – 

INH; and Gilbués – GIL. Figure extracted from Mutti and Bezerra (2018). 

 

All these results point towards the importance of studies specifically aimed at these 

vulnerable regions. Despite the wide variety of available tools, remote sensing monitoring 

demands high computational effort and thus the use of alternative methods regarding this type 

of data should be encouraged. In this chapter, we explore the use of stochastic models for the 

forecasting of mean NDVI and NDVI variance over the six aforementioned desertification 

hotspots. Despite losing the spatial character of pixel-wise models, this approach allows the 

application of mean NDVI and NDVI variance time series in mean-variance plots. These plots 

provide simple but useful information on the seasonal vegetation state by indicating the 

greenness and heterogeneity level of the vegetation at each seasonal step. When testing the 

models, we also considered the influence of rainfall as exogenous predictive variable, since 

there is a clear relationship between these variables (BARBOSA; KUMAR, 2016). 
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desertification hotspots 
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FINAL CONSIDERATIONS 

Drought is a vastly studied subject, since it is the natural disaster that impacts most 

people worldwide. In Brazil, the Northeast region is historically afflicted by severe drought 

events, which amplify the already harsh and dry conditions typical of the semiarid environment 

that encompasses most of its lands. Because of this, there is a wide variety of drought studies 

in the NEB, aimed at identifying and characterizing its meteorological, hydrological, surface 

and socioeconomic aspects. Nevertheless, there is still much too be discussed and improved in 

terms of drought assessment regarding methodological aspects, finer spatial scale results and 

alternatives to the monitoring of surface conditions based on remote sensing data. Therefore, 

the objective of this thesis was to provide a set of specific studies aimed at discussing some of 

these elements, contributing to the overall understanding of drought dynamics in the NEB. 

At a first moment, the climatological aspects of drought were assessed in two 

watersheds with different scales and with different climate characteristics: the SFW, which is a 

complex, large-scale basin under the influence of multiple climates (Chapter 2); and the PAW, 

which is a small-scale basin mostly inserted in the semiarid portion of the NEB (Chapter 3). 

The results found in the proposed studies largely agrees with recent findings and with studies 

developed at the regional scale, also revealing the potential effects of ongoing climate change. 

In the SFW, drought assessment over 75 years evidenced an apparent expansion of 

aridity from the semiarid portion of the basin towards the coast and the southern NEB. This 

result corroborates an important conclusion that has been hinted by previous studies at the 

regional scale: the Brazilian Semiarid is expanding, with water deficits becoming increasingly 

more frequent in surrounding regions that are usually wetter and cooler. At the even smaller 

scale of the PAW, this result was further corroborated. Significant trends over 54 years were 

found indicating an increase in the occurrence of negative rainfall anomalies mostly over the 

upper portions of the basin, located in higher altitude regions which are historically wetter. 

Additionally, the study on the SFW is unprecedent regarding the characterization of the 

spatial patterns of drought incidence when considering teleconnection patterns with different 

large-scale atmospheric circulation systems. While the dynamic and atmospheric links of the 

ENSO, the AMM and the AAO on rainfall over the NEB (and the SFW) are well known, it is 

the first time their combined and individual effects on drought incidence was assessed in the 

SFW. Similarly, we also identified the probability of occurrence of negative or positive rainfall 

anomalies over different portions of the PAW based on the observed ENSO and AMM phase. 
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For example, the combined effect of the El Niño with the occurrence of warmer SST 

over the Northern Tropical Atlantic Ocean leads to a drastic intensification of water deficits 

over the northern SFW and the NEB. However, this configuration also provides an increase in 

rainfall and water surplus over the southern NEB and the Southeast Brazil. At the watershed 

scale, this means that even if dry conditions are intensified in the semiarid lower portions of the 

São Francisco basin, its upper portions (near the river source) may receive copious amounts of 

rainfall, inducing the recharge of surface waters and maintaining the balance of the hydrological 

system. These results are of the uttermost importance to the actors involved in developing water 

management policies at the watershed scale, especially in such hydrological systems marked 

by water conflicts.  

Apart from the results obtained through the meteorological drought assessment in both 

watersheds, important methodological aspects were also discussed. For instance, the lack of 

consistent, gapless, long-term meteorological data in the NEB is a well-known issue. As such, 

it is difficult to develop long-term studies on the climatological aspects of drought over this 

region without relying on the adoption of several assumptions. Therefore, we proposed two 

different approaches to deal with this issue: a thorough validation of promptly available gridded 

datasets (Chapter 2) and a comprehensive methodology to fill observational data time series 

with up to 30% of gaps (Chapter 3). 

In the large-scale SFW, we opted to use the available network of measuring stations to 

validate CRU TS monthly rainfall and PET interpolated data (~ 56 km of spatial resolution). 

171 rain gauges and 57 meteorological stations were used to validate the gridded dataset over 

75 years (1942-2016). We found that CRU TS data generally correlates well with observed 

data. However, when used to detect trends in the assessed variables, CRU TS data retrieves 

much smoother slopes than observational data, largely due to the inevitable smoothing process 

inherent to interpolation techniques. It is important to note that this characteristic is probably 

shared by most of the other available gridded products for meteorological data. This means that 

studies using similar datasets as alternatives to the lack of high-quality observational data in the 

NEB should always consider the potential effects of smoothing. In fact, results obtained in this 

thesis (Chapter 2A) indicate that trends detected in observational data are more significant and 

steeper than the ones detected using the interpolated dataset. 

In the PAW a different approach was proposed. In smaller scale basins the amount of 

available data may not be enough to locally validate long-term gridded or satellite-derived 
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products. Thus, we opted to select all 56 available measuring stations with up to 30% of gaps, 

which led to a total study period of 54 years (1962-2015). In our study we filled all gaps using 

three different methods. For each gap filled we derived a statistical indicator of the quality of 

the method and kept the estimation obtained with the method presenting the best statistical 

indicator. Such process improved the quality of the gap-filled estimates from 3 to 20% when 

compared to using only one method. 

Both approaches showed that even when consistent, homogeneously distributed data is 

unavailable, reliable long-term time series can be derived if data quality and control is carried 

out rigorously. Results also showed that, by doing so, comprehensive meteorological drought 

characterizations can be obtained in both large-scale and small-scale watersheds. 

Another important issue discussed in this thesis regards the use of standardized drought 

indices (such as the SPEI and the SPI) over semiarid, tropical or subtropical regions where the 

dry season is marked by months with the recurrence of zero precipitation values. Despite being 

thoroughly used on drought studies over these regions (such as the NEB), assessment is usually 

carried out at 6-month or 12-month scales, when the zero-inflation problem ceases to be an 

issue. We then compared the SPEI with the DE, which is based on a simplified water balance 

(difference between precipitation and PET), on a 12-month scale but also at the monthly scale 

and over a semiarid region and a subtropical humid region in the SFW (Chapter 2).  

Our results showed that both indices correlate well when identifying persistent droughts 

at the 12-month scale. However, at the monthly scale, using the DE is much more advantageous 

than the standardized index. The standardization process is hindered by the skewed distribution 

of rainfall data typical of dry months, and therefore the SPEI monthly classification based on 

deviations retrieve results that are far from the physical observed reality. Therefore, the DE is 

not only perfectly capable of identifying persistent long-term droughts, but also excels in 

identifying short-term monthly shifts in drought patterns over such regions, while also 

maintaining a physical meaning to its interpretation. This discussion is extremely important for 

the selection of the correct methodological approaches when considering different indices for 

the monitoring of meteorological drought over the NEB. 

Apart from the meteorological aspects of drought, this thesis also presented an 

alternative approach for the monitoring of vegetation states in desertification hotspots in the 

NEB by using remote sensing data (Chapter 4). While the assessment of satellite surface data 

time series has been thoroughly used to monitor land use change and vegetation response to 
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drought in the NEB, they usually demand high computational effort and processing capacities. 

While some research centers worldwide (and even in Brazil) might have access to the required 

infrastructure, the development of alternative simpler and efficient techniques should be 

encouraged in order to decentralize monitoring studies using remote sensing data. 

In the fourth chapter of this thesis, we derived mean NDVI and NDVI variance time 

series (2000-2018) over six desertification hotspots in the NEB: Cabrobró, Jaguaribe, 

Inhamúns, Irauçuba, Seridó and Gilbués. Data from the MOD13A2 product (1 km spatial 

resolution) of the MODIS sensor aboard the Terra satellite were used. Different stochastic 

models were tested in the forecasting of these variables, and performed quite satisfactorily for 

that end. We then applied the forecasted values in a mean-variance plot, which is a simple yet 

efficient method to visualize the evolution of vegetation state throughout time. Results showed 

that the chosen models performed better in forecasting dry and degraded vegetation states than 

in forecasting robust heterogeneous vegetation (typical of the Caatinga during wet periods). 

While pixel-wise models have a clear advantage regarding spatial monitoring, the alternative 

method tested in this thesis may also be of valuable use when the required infrastructure and 

processing capacities are not available. 

Regarding future perspectives, the conclusions drawn from the study presented in 

chapter four lead directly to a new research question: how would the tested models perform if 

applied to pixel-wise NDVI time series? Despite the inevitable required computational effort, 

this could lead to the development of an interesting tool for the forecasting and monitoring of 

vegetation states and responses to drought. 

Similarly, the meteorological studies performed in this thesis (Chapter 2 and 3) were 

carried out considering monthly time series of data. Exploring data at finer time scales, such as 

weekly or daily time scales, may lead to new interesting approaches to drought characterization, 

with the possibility of identifying changes in spatial and temporal aspects of the incidence of 

consecutive dry days, for example. On the other hand, such new perspectives would also be 

associated with additional difficulties regarding the quality of the available data for that end. 

Perspectives for future researches deriving from this thesis are also associated with the 

theoretical background presented in Chapter 1. It was seen that the most recent drought 

definitions situate mankind not only as passive targets of the effects of these phenomena, but 

as an active actor. Therefore, a next important step to drought studies in the NEB should 

contemplate the direct and indirect effects of human activities on drought propagation. For 
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example, given a certain drought event that greatly impacted vegetation over an area at risk of 

desertification, how can we account for the damage that could have been avoided if human 

activity had not previously contributed to the degradation of that land? It is indeed a complex 

question, but a question that needs to be posed because knowing and reporting its answer may 

promote public awareness and drive political forces to push for more rigid laws for the 

preservation and recovery of vulnerable ecosystems such as the Caatinga. 

Pushing this concept even further, one can also reflect upon different climate change 

scenarios. How will drought incidence and intensification in the NEB behave in future scenarios 

with the expansion of agricultural lands for example? Or to which magnitude can we reduce the 

future impacts of drought if immediate action is taken and inclusive water policies such as the 

One Million Cistern Programs are implemented at even larger scales in the NEB? This directly 

leads to another important issue discussed in Chapter 1, which refers to the interrelation 

between physical and socioeconomic drought aspects. Although comprehensive physical 

drought studies such as this thesis are of undeniable importance, it lacks integration with more 

practical social aspects that are crucial to the region. Future studies and discussions should 

explore this complementary relation between the environmental and socioeconomic spheres. 

Furthermore, the conceptual drought propagation models studied in Chapter 1 also 

highlight the importance of studies based on global, systematic approaches to drought. In other 

words, studies that evaluate not only meteorological drought, but its direct relation to the 

subsequent impacts on vegetation, the hydrological system and the socioeconomic aspects of a 

given location. In this case, watershed studies including drought assessment in all these 

compartments and the characterization of their relationships should be strongly encouraged. 

Indeed, studying drought in the Anthropocene is the next great challenge regarding this 

phenomenon, and the NEB will remain as one of the key global regions to the development of 

new innovative studies regarding past, present and future drought incidence patterns. 
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