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APRESENTAÇÃO 
É com enorme prazer que apresentamos o e-book “Conceitos e Conhecimentos de 

Métodos e Técnicas de Pesquisa Científica em Engenharia Florestal 2” elaborado para a 
divulgação de resultados e avanços relacionados às Ciências Florestais. O e-book está 
disposto em 1 volume subdividido em 10 capítulos. Os capítulos estão organizados de acordo 
com a abordagem por assuntos relacionados às diversas áreas da Engenharia Florestal. Em 
uma primeira parte, os capítulos estão de forma a atender as áreas voltadas à viabilidade de 
sementes, produção de mudas, propagação vegetativa, melhoramento genético e plantios 
clonais. Em uma segunda parte, os trabalhos estão estruturados aos temas relacionados à 
mudança climática, sequestro de carbono, recursos hídricos, valoração florestal, dinâmica 
populacional, interação fauna-flora e serviços ecossistêmicos. Em uma terceira parte, os 
trabalhos referem-se ao processo produtivo, operações florestais, modelos e estimativas 
de produção. E finalizando, e um uma quarta parte com o tema relacionado à utilização 
de produtos não madeireiros e subprodutos florestais. Desta forma, o e-book “Conceitos e 
Conhecimentos de Métodos e Técnicas de Pesquisa Científica em Engenharia Florestal 2” 
apresenta relevantes e promissores resultados realizados por professores e acadêmicos 
que serão dissertados nesta obra de forma didática. Agradecemos o empenho e dedicação 
de todos os autores por partilharem ao público os resultados dos trabalhos desenvolvidos 
por seus grupos de pesquisa. Esperamos que os trabalhos aqui apresentados possam 
estimular e inspirar outros estudos voltados às Ciências Florestais. 

Cristina Aledi Felsemburgh
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 CAPÍTULO 4
 TOOLS FOR STRATEGIC DECISION MAKING 

ON WATER RESOURCES MANAGEMENT 
UNDER CLIMATE VARIABILITY AND DROUGHT 
CONDITIONS ON THE CAATINGA´S BIOME OF 

NORTHEAST BRAZIL

 Marcos Airton de Sousa Freitas
Prof. Univ., Especialista em Recursos Hídricos 

da Agência Nacional de Águas - ANA
Brasília – DF

ABSTRACT: Drought impacts in Northeast Brazil, 
which tend to intensify due to climate change 
and overexploitation of the caatinga biome, 
have repeatedly brought famine, mass migration 
and social confl icts in this region. Drought 
prediction and monitoring, however, remain 
a central research theme. In water resources 
management in semiarid regions such as the 
Northeast of Brazil, it is fundamental to have tools 
to aid decision making. This work presents three 
components of the so-called SIGES (Drought 
Management System), the items related to 
drought prediction and monitoring, as well as 
many reservoir operation methodologies for water 
scarcity situations. Statistical models and artifi cial 
neural networks were used for drought prediction. 
Aiming at monitoring precipitation, several indices 
were adapted and incorporated into a drought 
basic characteristic monitoring system (duration, 
severity and intensity), so that different mitigating 
actions could be implemented in accordance with 
the values reached by these parameters. The 
following indices have been used for this purpose: 
Rainfall Anomaly Index (RAI); Bhalme & Mooley 
Drought Index (BMDI); Lamb Rainfall Departure 
Index (LRDI). Finally, new adaptive reservoir 

operation strategies for water scarcity situations 
are presented and discussed. The described 
components were applied to several States of 
Northeast of Brazil, specially, at Piancó-Piranhas-
Açu River Basin (Paraiba and Rio Grande do 
Norte States) and Guaribas River Basin (Piauí 
State).
KEYWORDS: water resources, drought index, 
drought, decision making, Northeast Brazil

FERRAMENTAS PARA A TOMADA 
DE DECISÕES ESTRATÉGICAS NA 

GESTÃO DE RECURSOS HÍDRICOS EM 
SITUAÇÕES DE SECA E VARIABILIDADE 

CLIMÁTICA NO BIOMA CAATINGA, 
NORDESTE DO BRASIL

RESUMO: Os impactos da seca no Nordeste 
do Brasil, que tendem a se intensifi car devido 
às mudanças climáticas e à superexploração do 
bioma caatinga, têm trazido fome, migração em 
massa e confl itos sociais na região. A previsão e 
o monitoramento da seca, no entanto, continuam 
sendo um tema central de pesquisa. Na gestão 
de recursos hídricos em regiões semiáridas como 
o Nordeste do Brasil, é fundamental dispor-se de 
ferramentas que auxiliem na tomada de decisões. 
Este trabalho apresenta três componentes do 
denominado SIGES (Sistema de Gerenciamento 
de Secas), os itens relacionados à previsão e ao 
monitoramento de secas, bem como diversas 
metodologias de operação de reservatórios 
em situações de escassez de água. Modelos 
estatísticos e redes neurais artifi ciais foram 
usados   para a previsão de secas. Com o objetivo 
de monitorar a precipitação, diversos índices 
foram adaptados e incorporados a um sistema de 
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monitoramento das características básicas da seca (duração, severidade e intensidade), para 
que diferentes ações mitigadoras pudessem ser implementadas de acordo com os valores 
alcançados por esses parâmetros. Os seguintes índices foram usados ​​para este propósito: 
Rainfall Anomaly Index (RAI); Bhalme & Mooley Drought Index (BMDI); Lamb Rainfall 
Departure Index (LRDI). Por fim, novas estratégias adaptativas de operação de reservatórios 
para situações de escassez de água são apresentadas e discutidas. Os componentes 
descritos foram aplicados em diversos Estados do Nordeste do Brasil, em especial, na Bacia 
do Rio Piancó-Piranhas-Açu (Estados da Paraíba e Rio Grande do Norte) e na Bacia do Rio 
Guaribas (Estado do Piauí).
PALAVRAS-CHAVE: recursos hídricos, índices de secas, secas, tomada de decisão, 
Nordeste do Brasil.

1 | 	INTRODUCTION
Drought impacts in Northeast Brazil, which tend to intensify due to climate change 

and overexploitation of the caatinga biome, have repeatedly brought famine, mass 
migration and social conflicts. Drought prediction and monitoring, however, remain a central 
research theme for this region. Marengo (2006), Brito et al. (2017) conducted studies on the 
impacts of global climate change for many areas of Brazil, as Brazilian Amazon, Northeast, 
Pantanal and the Prata River Basin, showing precipitation and temperature anomalies, and 
water balance for the XXI century. The semiarid northeastern presenting short but crucially 
important rainy season in the current climate could, in a warmer climate in the future, 
become arid.

To the northeast, Salati et al. (2007) assessing climate variability in the region, showed 
that the average temperature increased by 0.6°C within the period 1991 to 2004, when 
referred to the period from 1961 to 1990. For maximum temperature values ​​they indicated 
a 0.6°C increase and for minimum temperature values ​​a 0.5°C raise. The precipitation 
decreased 153 mm, a 11.6% drop.  Nobre et al. (2004) indicate that the future biomes 
distribution in South America may be affected by the combined impacts of climate and land 
use changes, which can take the system to the savannization of parts of the Amazon and 
the desertification of Northeast Brazil.

Several studies have indicated the influence of numerous atmospheric phenomena 
on rainfall in Northeast Brazil (Moura and Shukla, 1981; Hastenrath, 1984; Freitas, 1996; 
Freitas and Billib, 1997; Uvo et al., 1998; Moscati and Gan, 2007). Also several climatological 
studies have indicated the existence of a strong relationship between sea surface 
temperature distribution (SST - sea surface temperature) along the tropical Atlantic basin 
temperature and the semiarid northeastern Brazil precipitation, as well as a decadal trend 
associated with changes in the meridional position of the ITCZ ​​- Intertropical Convergence 
Zone (Moura and Schukla, 1981; Billib and Freitas, 1996). These phenomena are indicative 
to be related to climate variability and extreme droughts and floods in the region.

Freitas (1996) presented a methodology for integrated regional drought analysis, 
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which briefl y consists of the following topics: (1) defi nition of different types of droughts, (2) 
forecasting and monitoring: (3) water resources management and optimization, (4) effects 
evaluation and (5) planning of mitigating actions. Freitas (1996), and Freitas & Billib (1997) 
demonstrated the feasibility of using prediction models for the dry northeastern Brazil: 
statistical-probabilistic models and models based on neural networks.

2 |  THE SIGES (DROUGHT MANAGEMENT SYSTEM)
In water resources management in semiarid regions such as the Northeast of Brazil, 

it is fundamental to have tools to aid decision making. This work presents three components 
of the so-called SIGES (Drought Management System), the items related to drought 
prediction and monitoring, as well as many reservoir operation methodologies for water 
scarcity situations. Statistical models and artifi cial neural networks were used for drought 
prediction.

Figure 1: Drought Management System - SIGES (Freitas, M. A. S. et al., 2019).

Among the various SIGES applications, will be reported those related to shortage 
impact mitigation based on forecasting and monitoring information for these periods. In 
semiarid regions with high evaporation rates the water resources manager often faces the 
problem of determining minimum water losses conditions for surface reservoir operation, 
considering different uses, their priorities shortages or rationing situations.

2.1 Strategic Management
Aiming at monitoring precipitation, several indices were adapted and incorporated into 

a drought basic characteristic monitoring system (duration, severity and intensity), so that 
different mitigating actions could be implemented in accordance with the values reached by 
these parameters. The following indices have been used for this purpose: Rainfall Anomaly 
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Index (RAI); Bhalme & Mooley Drought Index (BMDI); Lamb Rainfall Departure Index 
(LRDI). Finally, new adaptive reservoir operation strategies for water scarcity situations are 
presented and discussed. The described components were applied to all federal States of 
Northeast of Brazil.

Due to the diffi culty of having a single drought phenomenon defi nition, drought index 
determination is also problematic. Drought severity is usually expressed as a function of the 
mean value of one or several climate parameters. The most usual drought indexes express 
the total precipitation in given region as a known average data percentage. Thus, one can 
compare the current value with the average value of weekly, monthly, semesterly or annually 
series. The fi rst index, however, that was incorporated into the Drought Management 
System - SIGES has made it possible to compare rainfall deviations related to the normal 
conditions of various regions is the Rainfall Anomaly Index (RAI), described by Rooy (1965) 
and pioneered in Brazil by Freitas (2005). 

Figure 2: Bhalme & Mooley Drought Index (BMDI)

2.2 Tatic Management: Reservoir Operation Optimization using Climate 
Information, Negotiated Water Allocation and Resilience Strategies

Among the various SIGES applications, we will report now those related to shortage 
impact mitigation based on forecasting and monitoring information for these periods. In 
semiarid regions with high evaporation rates the water resources manager often faces the 
problem of determining minimum water losses conditions for surface reservoir operation, 
considering different uses, their priorities shortages or rationing situations. One developed 
method for dealing with this problem is performed using the so-called Risk Aversion Curve 
(Freitas and Gondim Filho, 2007).

In many hydrographic basins, due to the lack of fl uviometric data, it is often necessary 
to obtain a series of affl uent fl ows into the reservoir using rainfall-runoff or synthetic 
streamfl ow generation models. For the generation of synthetic fl ows in intermittent rivers 
typical of semiarid regions, Freitas (1995, 2010) presented the SAGE system - Stochastische 
Abfl ussGEnerierungsmodelle, consisting of the several models, such as: i) Two-tier model 
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(PAR (1) / GAR (1) of Fernandez & Salas (Freitas, M. A. S.; Freitas, G. B., 2019a); ii) 
Disaggregation model / AR (1) by Valencia & Schaake (Freitas, M.  A.  S.; Freitas, G.  B., 
2019b), etc. Later, Freitas (2010) presented applications of the model ARRF - Alternating 
Renewal Reward – Fragment (Freitas, M. A. S.; Freitas, G. B., 2019c) to various basins in 
northeastern Brazil.

Water deficits as result of non-sustainable water resources development, are the 
main reason for water related conflicts in water scarcity affected regions, especially due to 
strong competition between the different water users. According to Rusteberg and Freitas 
(2018), new approaches, methods and tools have been developed to support the integrated 
planning and management of water resources towards the sustainable development of the 
region. Non-conventional water resources, such as treated wastewater, brackish or imported 
water needs to be part of an integrated strategy for IWRM implementation. 

According to Lopes & Freitas (2007), water allocation in Brazil, historically, is 
characterized by a strong intervention of the public sector. Water allocation can be 
understood as an Integrated Water Resources Management (IWRM) measure that aims to 
provide water to current and future users of the water resources system, matching water 
supply and demand, even meeting environmental demands, being in line with strategic 
management objectives. In this sense, there are several mechanisms of water allocation, 
which operate from public authority guidelines, negotiation processes among water users or 
from technical concepts, such as the limits of the use of water bodies, or economic, such as 
charging for water use (Rusteberg and Freitas, 2018). 

3 | 	PIANCÓ-PIRANHAS-AÇU RIVER BASIN
For the so-called Negotiated Water Allocation a methodology is described in Freitas, 

M.A.S. (2003); ANA/GEF/PNUMA/OEA (2004); and improved by Freitas, M.A.S (2010), 
Martins et al., (2013). This methodology was largely internalized in the administrative 
procedures of the National Water Agency, through Technical Note No.  10/2015/COMAR/
SRE (2015) and has been applied throughout the semi-arid region of North-East Brazil. 

Figures 3 shows the Risk Aversion Curves - CAR proposed for the Curema-Mãe 
D´água system reservoirs (Freitas and Gondim Filho, 2007). The operation of reservoirs 
based on the Risk Aversion Curves is guided by a probability distribution of flows flowing 
into the reservoir system and is useful for determining the water allocation among users 
with different guarantees. The figures show the useful reservoir volume (%) on June 1st 
(recommended period for the Negotiated Water Allocation), for the different years (including, 
in red, the years of the 2012-2020 drought period), where it is possible to obtain the flow to 
be released. ANA, within its sphere of competence, has placed itself in articulation with other 
bodies of the Federal Government, state governments and water resources management 
institutions, supply companies, city halls and basin committees in search of solutions that 
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can minimize the effects of this severe drought.

Figure 3: Risk Aversion Curves for the Curema and Mãe D´água Reservoir

4 |  GUARIBAS RIVER BASIN
The Bocaina dam, in the semi-arid region of the State of Piauí, with a capacity of 106 

hm³ of water, was built with the objective of regularizing the Guaribas River, among other 
uses. Over the past three decades, use for irrigation and water supply in neighboring cities 
has increased signifi cantly. The objective of this study is to analyze, by means of several 
multicriteria methods, the alternatives of operation of the afore mentioned reservoir to meet 
multiple uses. Five alternatives for reservoir operation, socioeconomic and environmental 
development were analyzed. For this, four different multicriteria techniques were used: i) 
weighted average method – WAM (Zadeh, 1963); ii) compromise programming – CP (Yu, 
1973); iii) Promethee method with weighted averages (Promethee_WAM) and iv) Promethee 
method (Brans and Vincke, 1985).

The decision-making process in water resources management currently involves 
multiple objectives and multiple decision-makers (river basin committees, consortia, etc.). In 
general, confl icts of interest are established between groups with different views about the 
goals to be adopted in the planning and management of water resources. For groups linked 
to pure and simple economic development, the net economic benefi t should be maximized, 
since economic values express the interest of society. On the other hand, environmental 
groups preach the preservation of the environment in its natural form and are opposed to 
any intervention that may transform it. Between these two extreme possibilities. 
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The Bocaina Reservoir (Figure 4), with a capacity of 106 hm³ of water, was built 
under the responsibility of DNOCS - National Department of Works Against Drought - and 
executed by the Engineering and Construction Battalion, with the objective, among other 
aspects, of regularize the Guaribas River. The estimated area by the viability studies of 
the Bocaina Reservoir reached 2,000 (two thousand) irrigable hectares, according to the 
Bocaina Dam - Hidroterra SA Executive Project - located in the municipalities of Bocaina, 
Sussuapara and Picos, with excellent physical and chemical conditions for intensive 
irrigation use, at a relatively low cost, considering that there was no cost for deforestation, 
systematization and settlement of producers.

The study of alternatives (A1 to A5) was carried out in two stages: i) Use of rainfall-
runoff hydrological models (Freitas, 2010), stochastic streamflow generation models 
(Freitas, 2010) and Monte Carlo analysis, as well as models for simulation / optimization 
of the reservoir operation; ii) Use of multicriteria techniques, such as weighted averages 
method, compromise programming (CP) method and Promethee method.

4.1	 Simulation of the Bocaina Reservoir Operation
The current complexity of problems related to the management of water resources 

requires the use of instruments and techniques capable of assisting in decision making, 
especially in periods of scarcity. Among these techniques, two deserve mention: mathematical 
simulation and flow network modeling (Azevedo et al., 1997). Mathematical simulation 
is a very flexible technique and is therefore widely used, however, as a disadvantage of 
not offering users the chance to restrict decision-making space and, therefore, problem 
solving is achieved through a “trial and error” process. On the other hand, the network flow 
modeling, in addition to reducing the decision space to a set of viable solutions, can be 
optimized through linear programming.

The water availability in a river is generally used to water supply to the population 
and industries; animal supply; irrigation of agricultural areas; ecosystem conservation; 
wastewater dilution; hydro-energy production and navigation. In the specific case of the 
Guaribas River, downstream of the Bocaina Dam, only the last two uses are not contemplated.

The simulation method uses the continuity equation. In the reservoir operation 
simulation, the process is initiated considering the average accumulated volume of the dam. 
Then, several simulations are made to define regularized volumes, associated with various 
guarantees or risks. In relation to irrigation, simulations were made for several demand 
areas, based on the estimated area potential for the downstream valley, forecasting monthly 
demands based on percentages of annual demand, proportional to the monthly deficits 
determined based on the water balance in the area. 
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Figure 4: Bocaina Dam location, in the semi-arid region of the State of Piauí.

The failure risk was calculated based on the number of failures in the period of 
interest divided by the number of time intervals for that period, that is, the simulated period. 
The simulation model of the reservoir operation used was the one shown in Figure 5, 
developed by Prof. Dr. Fontane, at the University of Colorado. The model uses Excel’s 
Solver to maximize the annual demand met for the various uses in the basin (irrigation, 
human supply and animal feed) and to determine the useful (active) volume needed to meet 
a given demand (reservoir project). The minimum and maximum volume of the Bocaina 
Dam is 10 and 106 hm³, respectively. The maximum annual demand met for the simulated 
series was 22.27 hm³.

4.2 Multicriteria Analysis in the Alternatives Study
For the second stage, the MCDA spreadsheet - Multi-Criteria Decision Analyzes 

(Figure 8), also developed by Prof. Dr. Fontane, from the University of Colorado. Five 
alternatives (A1 to A5) were considered for dam operation / economic and environmental 
development in the region. The alternatives were evaluated according to fi ve criteria: i) 
irrigation; ii) human and animal supply; iii) the environment; iv) safety and reliability of the 
dam’s operation and v) economic development. Up to fi ve sub-criteria were established 
for each of the above criteria. Figure 5 shows the values of the criteria and sub-criteria for 
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each alternative. Five alternatives of relative importance between the criteria were analyzed 
(G1 to G5). The relative weights between the criteria and sub-criteria were raised based on 
surveys with specialists in the area and interviews between users.

Figure 5: Decision making multicriteria models.

Four different techniques were used: i) weighted averages method (WAM); ii) 

compromise programming (CP); iii) Promethee method with weighted averages (Promethee_

WAM) and iv) Promethee method. As a result, there are the “scores” and the ranking 

(hierarchy) among the various alternatives. In the Bocaina Basin example, the following 

priority was found: A1  A2  A5  A3  A4. 

5 | 	CONCLUSIONS
With the increase in demand for water resources, there is a tendency to intensify 

conflicts with other users, especially during periods of long-term and severe droughts, such 
as that of 2012-2020. In situations like this, the integrated management of water resources 
stands out as an alternative to the resolution of conflicts, contributing to minimize the 
impacts of long periods of drought. In this article, the application of some of the techniques 
and methods developed, especially for semi-arid regions, in the Piancó-Piranhas-Açu 
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hydrographic basin as well as Bocaina Dam / Guaribas hydrographic basin were presented.
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