
 
 

UNIVERSITY OF SÃO PAULO 

SÃO CARLOS SCHOOL OF ENGINEERING 

 

  

   

  

DULCE BUCHALA BICCA RODRIGUES  

  

 

 

 

Assessment of water security using conceptual, deterministic and 

stochastic frameworks 

 

 

 

 

 

 

 

 

 

 

São Carlos 

2014 



 
 

DULCE BUCHALA BICCA RODRIGUES 

 

 

 

 

 

Assessment of water security using conceptual, deterministic and 

stochastic frameworks 

 

 

 

 

Doctoral thesis presented at São Carlos School 

of Engineering, University of São Paulo, in 

partial fulfillment of the requirements for the 

Degree of Doctor in Science: Hydraulics and 

Sanitary Engineering   

 

Advisor: Prof. Dr. Eduardo Mario Mendiondo 

 

 

 

 

 

 

 

 

Corrected Version (Versão Corrigida) 

São Carlos 

2014



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 
 

 

  



 
 

DEDICATION 

 

 

 

 

 

 

 

 

 

 

 

 

To my husband Paulo Tarso, the essential part of 

me over the past 12 years; to my mother Eliane, 

my father Antonio Carlos Bicca, and my sister 

Daniele for everything they did and represent to 

me; and to my supervisor Prof. Hoshin V. Gupta, 

for his crucial encouragement during all the 

time. 

 



 
 

ACKNOWLEDGMENTS 

 

 

First, my deepest gratitude to God, the bible's author, who gives me hope and strength 

day by day. I know is difficult to express my huge gratitude to all friends and colleagues who 

directly and indirectly supported me during my doctorate period, but I am going to try using 

few words. I hope I will not forget anyone! 

I thank to Professor Eduardo Mario Mendiondo, my advisor, for giving me good 

opportunities to grow up personally and professionally, including my participation in both 

Graduate Programs in Brazil and the USA. Then, I thank to Professor Hoshin V. Gupta, my 

supervisor at The University of Arizona, who gave me the honor to work with and impressive 

lessons of being a top researcher, collaborator and a mentor. 

My very special thank to Danielle A. Bressiani, my lab colleague, that was (and is) an 

essential friend, with whom I shared life issues, technical discussions, and I could enjoy the 

advice from the "SWAT Queen"! I am also grateful for all other precious colleagues of my 

research group (NIBH) at University of São Paulo, who made my workdays much better, and 

sometimes funnier, such as: Guilherme L. Laurentis, Irene M. C. Pimentel, Jairo Rotava, 

Gustavo Romero, Aline G. Zaffani, Stephan Birenbaum, Ive Emi Kawatoko, Pedro Caballero, 

Altair Rosa, Guilherme Samprogna Mohor, Maria Clara Fava, Diego A. G. Arias, and Camilo 

Restrepo.  

I also thank to the colleagues, professors, and technical staff of the Hydrology and 

Water Resources department (Tucson, USA), for receiving me so amazingly and helping me 

always so quickly. With whom I enjoyed one of the best period of my life! 

Here, in Brazil, my gratitude also refers to the lovely and efficient technical staff of 

USP Graduate Program (PPG-SHS) (e.g. Sá, Valderes, Flávia, Fernanda, Priscila, André, and 

Rose), and to number of collaborators from other institutions (e.g. Nilso Fumes, Sabesp; 

Soraya Voigtel, Terceira Via NGO; Vania Pereira, USP; Eduardo C. Leo, PCJ Water Agency; 

Gré Lobo, DAEE; Paulo Henrique, Instituto Sócio Ambiental). 

Well, I do not have enough words to thank to my husband Paulo Tarso, for being such 

excellent professional partner, a tremendous blessing in my life, and a patient man during 

many crazy moments of this doctoral period. Finally, I thank to some very special friends 

from São Carlos-SP for supporting me and keeping me a sociable person (e.g. Débora, Davi, 

Débora, Fernando, Talita, Thiago, Maressa, Benvindo, Patrícia, André, Marjolly, Leandro,...) 



 
 

and to my family, in particular my mother, my father, and my sister for being with me during 

all the time, even living 800 km far away!  

The development of this doctoral thesis was feasible due to the specific financial 

support from São Paulo Research Foundation (FAPESP, grant numbers 2011/11653-0, 

2012/05515-6), and CNPq (grant 142592/2010-2). It is also important to mention that the 

chapters of this doctoral thesis were greatly improved by the English revision of Prof. Hoshin 

Gupta, and the constructive criticisms from the anonymous journals reviewers. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

"For as the rain comes down, and the snow from 

heaven, and does not go back again, but gives 

water to the earth, and makes it fertile, giving 

seed to the planter, and bread for food; So will 

my word be which goes out of my mouth: it will 

not come back to me with nothing done, but it 

will give effect to my purpose, and do that for 

which I have sent it" (Isaiah 55: 10-11)  



 
 

ABSTRACT 

 

Rodrigues, D. B. B. (2014). Assessment of water security using conceptual, deterministic 

and stochastic frameworks. Doctoral Thesis, São Carlos School of Engineering,, 

University of São Paulo, São Carlos. 

 

A comprehensive assessment of water security incorporates a range of water-related concepts, 

since water policy issues to specific technical aspects of hydrological conditions and their 

interactions with societal needs and ecosystem functioning. This doctoral thesis is organized 

into three chapters that address such range of water security-related topics, aiming to establish 

a conceptual baseline and propose deterministic and stochastic accounting frameworks for a 

river basin water security evaluation. Specific assumptions and research questions are defined 

in each chapter, and are related to the management of 'Cantareira water supply system' 

(located in Southeastern Brazil), focusing on different scales and on its political and 

hydrological aspects as well. The first chapter acts as a conceptual baseline for water 

security assessment, by examining general aspects of the Brazilian water policy and water 

allocation system. This study contrasts Brazilian and American water management systems 

applied to water transfer projects, discussing experiences from the 'Cantareira system' and 

Colorado river basin. A deterministic accounting framework is presented in the second 

chapter, which is based on management of blue and green water kinds (defined in accordance 

with hydrological processes and storage types), and demonstrates how a quantitative analysis 

of provisioning and use (abstraction and consumption) of both water kinds can be conducted. 

An agricultural basin (291 km²) within the Cantareira water supply system (located upstream 

of the Cachoeira reservoir) was used to illustrate this approach. The impact of blue and green 

water use on median water resources conditions is accounted by the scarcity indicator, while 

the vulnerability indicator considers the probability of low availability of water resources. In 

the third chapter quantifies and discusses the impacts of uncertainties on water security 

indicators (proposed in the chapter 2), based on a multi-model and resampling framework, that 

considers several uncertainty sources including those related to: i) observed streamflow data; ii) 

hydrological model structure; iii) residual analysis; iv) Environmental Flow Requirement 

methods; v) the definition of critical conditions for water provision; and vi) the critical demand 

imposed by human activities. Then, the uncertainty is propagated through different 

methodological arrangements applied to the same study basin of chapter 2. In brief, the first 

chapter indicates that both Brazilian and American water management system can potentially 

contribute to each other. In the second chapter, the Blue/Green water-based accounting 

framework reveal clear spatial and temporal patterns of water scarcity and vulnerability levels 

within the basin, thereby improving our understanding of how and where water-related threats 

to human and aquatic ecosystem security can arise (so called hot-spots). The third chapter 

provide a general method that can form basis for meaningful support to end-users facing water 

resource challenges by enabling them to incorporate a viable uncertainty analysis into a robust 

decision making process. Further investigation are proposed in each research step of this 

doctoral thesis. 

 

Keywords: Water policy, Water scarcity, Water vulnerability, Hydrological modeling, 

Environmental Flow Requirement, Uncertainty analysis, Cantareira water supply system.  



 
 

RESUMO 

 

Rodrigues, D. B. B. (2014). Avaliação da segurança hídrica a partir de base conceitual, 

determinística e estocástica. Tese de Doutorado, Escola de Engenharia de São Carlos, 

Universidade de São Paulo, São Carlos. 

 

A avaliação da segurança hídrica pode incorporar vários conceitos relacionados à água, desde 

aspectos da política de recursos hídricos até questões hidrológicas específicas e suas 

interações com a sociedade e ecossistemas. Esta tese de doutorado busca estabelecer uma base 

conceitual e propor esquemas metodológicos com base determinística e estocástica para 

avaliação da segurança hídrica de bacias hidrográficas. Objetivos específicos são definidos 

em cada capítulo e relacionam-se à gestão do 'Sistema Cantareira de abastecimento de água' 

(localizado no Sudeste do Brasil), com foco em diferentes escalas, bem como aspectos 

políticos e hidrológicos. O primeiro capítulo é apresentado como baseline conceitual, 

examinando aspectos gerais da política de recursos hídricos e sistemas alocação de água. Este 

estudo compara sistemas de gestão aplicados à projetos de transposição de água inter/intra-

bacias no Brasil e Estados Unidos, discutindo experiências do Sistema Cantareira e da bacia 

do rio Colorado. O segundo capítulo, por sua vez, propõe e analisa um esquema 

metodológico determinístico baseado na gestão das águas azul e verde (definidas de acordo 

com processos hidrológicos e unidades de armazenamento). Este estudo demonstra como uma 

análise quantitativa da provisão e utilização de ambos os tipos de água pode ser conduzida, 

propondo indicadores de escassez e vulnerabilidade hídrica. Esta abordagem foi aplicada em 

uma bacia agrícola (291 km ²), localizada a montante do reservatório Cachoeira, que é 

integrante do Sistema Cantareira. O terceiro capítulo quantifica e analisa os impactos das 

incertezas sobre os indicadores de segurança hídrica propostos no capítulo 2, utilizando um 

esquema metodológico estocástico baseado em multiplos modelos e reamostragem, que 

incorpora variadas fontes de incerteza, tais como: i) dados observados de vazão; ii) estrutura 

do modelo hidrológico; iii) análise de resíduos do modelo hidrológico; iv) estimativa de vazão 

ambiental; v) definição de condições críticas de provisão e vi) demanda hídrica. Em seguida, 

as incertezas são propagadas através de diferentes arranjos metodológicos aplicados na 

mesma bacia estudo do capítulo 2. Em conclusão, o primeiro capítulo sugere uma potencial 

troca de contribuições provenientes de ambos os sistemas de gestão brasileiro e americano. O 

segundo capítulo revela padrões espaciais e temporais dos resultados dos indicadores de 

escassez e vulnerabilidade, melhorando assim a compreensão de como e onde ameaças à 

segurança hídrica podem surgir. Por sua vez, a análise de incertezas desenvolvida no terceiro 

capítulo é capaz de gerar suporte à gestores de recursos hídricos e processo de tomada de 

decisões robustas. Recomendações específicas são geradas em cada capítulo da presente tese 

de doutorado. 

 

Palavras-chave: Política de recursos hídricos, Escassez hídrica, Vulnerabilidade hídrica, 

Modelagem hidrológica, Vazões ambientais, Análise de incertezas, Sistema Cantareira de 

abastecimento de água. 
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GENERAL INTRODUCTION 

 

 

Uncertainties regarding future climate, trends in population growth, and changes in 

lifestyle, are likely to promote opposing trends in water use and water availability, leading to 

concerns about environmental and human water security risks. It has been estimated that there 

will, by 2050, be a 70 percent increase in demand for food production globally (relative to 

2009 levels), and up to a 100 percent increase in developing countries (FAO, 2011). 

Currently, agriculture accounts for 70 percent of global freshwater withdrawals, and more 

than 90 percent of its consumptive use (FAO, 2012). In the context of Brazil, the National 

Water Agency predicted that one half of Brazilian cities will experience significant levels of 

water stress by 2015 (taking into account population growth rates, availability of water 

resources, and current infrastructure condition of these cities), which would affect 

approximately 139 million inhabitants (ANA, 2010). Recently, Southeastern Brazil 

unexpectedly experienced extremely low rainfall during the rainy season, resulting in threats 

to water security in part of the Metropolitan Region of Sao Paulo city (home to approximately 

20 million inhabitants and the most important economic region in Brazil), so that emergency 

actions were needed to guarantee water supply (The Guardian, 2014). The present decade 

(2013–2022), entitled “Panta Rhei—Everything Flows” by the IAHS, is focused on the role 

that hydrological systems play as a changing interface between environment and society, 

whose dynamics are essential for determining water security, human safety and sustainable 

development (Montanari et al., 2013).  

A comprehensive assessment of water security incorporates a range of water-related 

concepts, since water policy issues relate to specific technical aspects of hydrological 

conditions and their interactions with societal needs and ecosystem functioning. This doctoral 

thesis is organized into three chapters that address such range of water security-related topics, 

aiming to establish a conceptual baseline and propose deterministic and stochastic 

accounting frameworks for a river basin water security evaluation.  

All specific studies presented in each chapter are related to the management of 

Cantareira water supply system, focusing on different scales and on its political and 

hydrological aspects. This system has significant economic and social relevance, because it 

involves an inter-basin transfer scheme from four dammed tributaries of the Piracicaba (the 
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Jaguari, Jacareí, Cachoeira and Atibainha) to the Upper Tietê basin, and is used to supply 

water to about 9 million people in the Metropolitan Region of Sao Paulo.  

The first chapter investigates of general aspects of the Brazilian water policy and 

water allocation rules applied to water transfer projects, using experiences of the Cantareira 

system as a case study. This investigation was incorporated into a comparative study related 

to the American water management system, and its water transfers schemes, for examining 

potential exchanges between these two water management systems and future perspectives for 

both countries. By exploring and discussing some fundamental aspects, this chapter acts as a 

conceptual baseline for water security assessment. 

A deterministic accounting framework for evaluation of water security is presented in 

the second chapter. This study is based on management of blue and green water kinds 

(defined in accordance with hydrological processes and storage types), and demonstrates how 

a quantitative analysis of provisioning and use (abstraction and consumption) of both water 

kinds can be conducted. The impact of Blue and Green water use on median water resources 

conditions is accounted by the scarcity indicator, while the vulnerability indicator considers 

the probability of low availability of water resources. An agricultural basin (291 km²) within 

the Cantareira water supply system (located upstream of the Cachoeira reservoir) was used to 

illustrate this approach. 

Various uncertainties are involved in the representation of processes that characterize 

interactions between societal needs, ecosystem functioning, and hydrological conditions. In 

the third chapter addresses some of the uncertainties discussed by the chapter 2 providing a 

relatively simple approach to verifying the imprecision in water security indicators caused by 

uncertainties in and among the models/methods used for such estimation. The probabilistic 

framework based on multi-model and resampling approaches considers several uncertainty 

sources including those related to: i) observed streamflow data; ii) representation of spatial 

variability in the hydrological model; iii) residual analysis; iv) the Environmental Flow 

Requirement; v) the definition of critical conditions for water provision; and vi) the critical 

demand imposed by human activities. Then, the uncertainty is propagated through different 

methodological arrangements applied to the same study basin of chapter 2. 

Thus, the research steps of this doctoral thesis are integrated to discuss and contribute to 

some conceptual and accounting aspects of water security assessment. Specific assumptions 

and research questions are defined in each chapter, which are published or under revision in 

peer-reviewed international journals.  
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It is important to mention that the work presented here, as a whole, was generated 

from a long and hard process of research and operational activities developed both in Brazil 

and the United States. Other products were also generated with similar subject, including a 

book chapter published by Elsevier-Campus (Rodrigues and Mendiondo, 2012), oral 

presentations in conferences and local seminars in the USA, Argentina, Spain, and Brazil, 

conference publications (e.g. Rodrigues et al., 2013a, 2013b, 2014), and participation in 

several research projects. Every step was part of the consolidation process of this doctoral 

thesis. 
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1 CHAPTER 1 

CONTRASTING BRAZILIAN AND AMERICAN SYSTEMS FOR WATER 

ALLOCATION AND TRANSFERS: PIRACICABA AND COLORADO RIVER BASIN 

CASE STUDIES* 

 

*A modified version of this chapter has been published as: Rodrigues, D. B. B., Gupta, H. 

V., Serrat-Capdevila, A., Oliveira, P. T. S., Mendiondo, E. M., Maddock III, T., & Mahmoud, 

M. (2014). Contrasting American and Brazilian Systems for Water Allocation and Transfers. 

Journal of Water Resources Planning and Management, 04014087-1/11. 

doi:10.1061/(ASCE)WR.1943-5452.0000483. (Journal impact factor: 1.76; Qualis CAPES: 

A2) 

 

Abstract 

The United States and Brazil both deal with water-related problems associated with being 

large territorial areas having uneven distribution of water resources and population. Water 

transfer projects have been widely considered to be feasible solutions to the mitigation of 

local water shortages. We contrast American and Brazilian water allocation systems and water 

transfer projects, located in the Colorado and Piracicaba River basins, seeking potential 

exchanges between these two water management systems and analyzing their adaptability to 

trends in water demand and climate. Our evaluation indicates that the American system could 

potentially benefit from some of the principles present in Brazilian framework, including a) 

participatory approach involving government, users, and citizens, b) recognition of the 

economic value of water, and c) prioritization of drinking water supply during shortage times. 

In turn, the Brazilian system could be benefited from certain characteristics of American 

water management, including reduced bureaucracy and a more efficient decision and 

operation process. Interestingly, both countries have found it useful to employ soft-path 

solutions to ensure system adaptability to future water demand and supply. 

 

Keywords: Water policy; Surface water management; Water rights; Water shortage 
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1 Introduction and background 

 

 

The largest quantities of renewable water resources are concentrated in only a few 

countries of the world, including Brazil, Russia, Canada, and the United States (Shiklomanov, 

2000; Gleick, 2012). However, according to World Bank database (2014a,b,c), populations 

and water consumption are not distributed in accordance with the availability of water 

resources. Brazil, for example, has 2.8% of the world's population but contains 12.8% of the 

world’s annual renewable fresh water. The U.S., in turn, has 4.5% of the world’s population 

and 6.7% of its renewable water resources, but has 5.2 times the per capita water withdrawal 

and 4.6 times the per capita gross domestic product (GDP) of Brazil. In both countries, their 

rapidly growing economies and urban populations present major challenges to water 

infrastructure and allocation. In fact, in many parts of these water-rich territories, water has 

already become a matter of dispute due to over-population, intensive water use, and periods of 

scarcity. 

In Brazil, approximately 80% of the available water is concentrated in the Amazon 

and Tocantins/Araguaia basins, which are inhabited by 6.5% of the total population. 

Meanwhile, the remaining 20% of available surface water supplies the demands of the 

majority (93.5%) of the population (Benetti et al., 2004). Three specific regions of Brazil are 

experiencing significant water problems due to different reasons (ANA, 2010): a) the South 

requires large amounts of irrigation to grow water-intensive crops (e.g. rice, corn, and soy 

beans); b) the Southeast has qualitative and quantitative water problems caused by high rates 

of industrialization and urbanization; and c) the Northeast experiences severe water scarcities 

due to its semi-arid climate. 

The contiguous United States also has significant spatial differences in the distribution 

of water resources, being commonly divided into the 'Eastern' and 'Western' portions on the 

basis of climatic conditions (Micklin, 1984). During the latter part of the 19th century, the 

100° meridian west of Greenwich was proposed as the demarcation line for development of 

different water management strategies for the Eastern (more humid) and Western (more 

arid/semi-arid) sides (Volkman and Lee, 1988). To the east of this meridian, annual 

precipitation is significantly higher, making it possible to grow rain-fed crops, which is not 

possible in most of the West; a major exception being the Pacific Northwest (USDOI, 2013). 

The southwestern U.S., in particular, has experienced severe water challenges. However, the 

map has been significantly redrawn by more than a century of reclamation, re-plumbing of 
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nearly every river by the use of massive reservoirs, diversions, and the development of 

irrigation systems (Gleick, 2010). By increasing the supply of water to cities, the percentage 

of the population now considered ‘‘at risk’’ for water scarcity has been reduced from 47% 

(based on the use of only local renewable flows) to less than 17% (Padowski and Jawitz, 

2012). 

A major reason for that has been achieved with the development of water supply 

infrastructure to enable inter-basin water transfers in both the U.S. and Brazil. In the U.S., 

such inter-basin water transfers have been implemented, chiefly for hydroelectric, municipal, 

and irrigation purposes (Micklin, 1984), and developments of this kind of infrastructure have 

expanded the scale of management planning. At large scales, in particular, trans-basin river 

diversion projects have resulted in considerable controversy and conflict due to losses and 

damages in the region where water comes from (basin of origin), and conflicts of interest, not 

to mention project delays and cancellation (Yevjevich, 2001). For example, in 1913, Los 

Angeles, California, began importing municipal water for urban supply from the Owens 

Valley, more than 400 km away. The construction of the Los Angeles Aqueduct generated 

considerable controversy, and resulted in significant negative impacts for irrigators and the 

environment in the source basin (Libecap, 2009) with only a few regions remaining relatively 

unaffected (Elmore et al. 2003). Similarly, in Brazil, the first complex trans-basin river 

diversion project was completed in 1952, transferring two-thirds of the flow from the Paraiba 

do Sul River to the Guandu River. Whereas initially designed as a hydropower project to feed 

the growing city of Rio de Janeiro, it now also supplies water to about 12 million people. 

Unfortunately, the initial plans did not consider the difficulties of maintaining adequate flow 

levels during periods of drought, which has resulted in several conflicts between the 

occupants of the two basins (Andrade et al., 2011).  

More recently, and in marked contrast, the development of the São Francisco River 

project in Northeastern Brazil occurred with considerable public participation over a period of 

almost 8 years and under stricter environmental laws than those followed in the 1970s 

(Andrade et al., 2011). Similarly, U.S. diversion projects now require extensive periods of 

study and considerable planning and design investment, with detailed studies of all aspects of 

the transfer mechanisms, including environmental and social impacts (Yevjevich, 2001).  

Based on accumulated past experience, and reflecting country-specific issues, many 

countries have revised in recent decades their water resources management policies and laws 

to introduce new institutional frameworks and management instruments (Veiga and Magrini, 
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2013). In this paper, we examine the technical and legal conditions underlying the 

development of water allocation systems and important water transfer projects in Southeastern 

Brazil and the Western U.S, with a view to identifying similarities and differences between 

these two water management systems, and to analyze and understand the relative adaptability 

of each system to the current trends in demand and climate. 

 

 

2 Brazilian Aspects 

 

 

2.1 Development of Water Policy in Brazil: Looking to the Past to Understand the 

Present 

In Brazil, the legal treatment of water can be considered in terms of three distinct 

historical periods: the Navigability Phase, the Hydroelectricity Phase, and the Environmental 

Phase. During the first period, water regulation was mainly concerned with navigability and 

the principal criterion for river regulation was the ability to float cargo downstream, following 

the Civil Code of 1916. The second period began with the enactment of the Water Code of 

1934, which was concerned with the provision of hydroelectric power, multiple uses, and 

expansion of the domain of public waters. However, the Water Code did not entirely abandon 

the category of private waters, instituting the classification system of public, common, and 

private waters (Benjamin et al., 2005). During the third period, enactment of the Brazilian 

Constitution in 1988 removed all private rights over water resources, thereby characterizing 

all waters to be public goods belonging either to the Union or to the States, in accordance with 

river basin boundaries (Veiga and Magrini, 2013). 

The 1980s and 1990s were also marked by the publication of important environmental 

laws, including the National Environmental Policy Act (Law n.6938) of 1981, and the 

National Water Policy Act (Law n.9433) of 1997. This water law, inspired by the French 

model, introduced important changes in the administrative, legal and institutional aspects of 

water resources (Veiga and Magrini, 2013). In this approach, the essential principles include a 

system of water management by hydrographic basin, river basin committees, independent 

financing of water policy, and planning instruments for catchment areas (France, 1992; FAO, 

1995). Note that the European Water Framework Directive of 2000 has adopted similar 

principles (Nion, 2009). 



23 
 

 
 

Overall, the Brazilian system of water management might be called a ‘Systemic 

Participatory Integration Model’ (Carvalho and Magrini, 2006), and is designed to ensure 

active participation by a range of stakeholders within each management area, and an emphasis 

on the economic value of water resources (Ioris, 2009). Since 1997, many states have 

formulated water laws that meet the federally imposed requirements, and which specify the 

design and implementation of formal institutions and processes (Engle et al., 2011). The 

principles, instruments and institutions of Brazilian Water Policy are presented in Figure 1.1. 

 

Principles Instruments Institutions 

i. Water is a public good 

ii. Water is a finite resource and 

has an economic value 

iii. When scarce, drinking water 

supply is the uppermost priority 

iv. Management must encompass 

multiple uses 

v. The watershed is the territorial 

unit for management purposes 

vi. Water management shall be 

based on a participatory 

approach involving government, 

users and citizens 

i. Water resources master plans 

ii. Classification of water bodies 

into different categories of use, 

related to stream and ambient 

water quality standards 

iii. A permit system for withdrawals 

iv. Charging for bulk water 

v. A water resources information 

system 

i. The National Council on Water 

Resources 

ii. The State Councils on Water 

Resources 

iii. The River Basin Committees 

iv. Agencies at the federal, state 

and municipal levels with areas 

of competence related to the 

management of water resources 

v. The Water Agencies, the 

executive branch of the river 

basin committees 

Figure 1.1 – Main elements of Brazilian Water Policy (data source from Brazil, 1997 and Porto, 1998) 

The basin committees are comprised of stakeholders representing the Federal, State, 

and Municipal Governments, well water users, and civil entities functioning in the watershed; 

the composition can vary from one state to another (Porto, 1998). These committees are in 

charge of organizing discussions of problems related to the river basin, arbitrating disputes, 

approving the basin plans, and establishing the fee mechanisms and the amounts to be charged 

(Carvalho and Magrini, 2006). The moneys collected are used by the Water Agency, and 

invested in actions planned via the River Basin Water Plans approved by the respective 

Committee (Braga et al., 2009). 

 

 

2.2 Water Allocation Systems in Brazil and their Application to Water Transfers 

Projects  

Brazil divides ownership over water resources between the union and its federal states 

(Smith, 2009). A river running through more than one State is subject to Federal jurisdiction, 

meaning that related Concessions and Fees are handled by the Federal Government, whereas 

if the river origin and mouth lie within the same State, its Concessions and Fees are handled 
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by the State Government (Carvalho and Magrini, 2006). Water rights for the use of federal 

waters are allocated by the National Water Agency, while responsibility for state waters rests 

with the State. Consumptive surface water and groundwater uses are subject to permitting, as 

is the discharge of treated or untreated sewage into a body of water for dilution, transport, or 

disposal. Water rights applications are analyzed for efficiency and reasonable use, and are 

allocated for a specific period and prescribed terms of agreement, based on the class of use to 

which the body of water has been assigned.  

In several Brazilian states, water rights are released only after considering the 

conservation requirements to maintain minimum flow in the rivers (Benetti et al., 2004). For 

example, in the state of Sao Paulo and the Piracicaba, Capivari, and Jundiaí (PCJ) contiguous 

river basins, the 7-day 10-year low-flow value (Q7,10) is used as the reference. This State also 

takes into account the critical basin water demand, which is established when the sum of 

water abstractions is greater than 50% (fifty per cent) of the current reference streamflow (i.e., 

Q7,10); when this limit is reached, a special management plan, that takes into consideration 

rigorous quantity and quality monitoring, water saving programs and negotiation between the 

users is required to be developed for the watershed (Sao Paulo State, 1994; PCJ, 2011) 

In addition, Brazilian water law (n.9433/1997) contains a kind of American-like 

“abandonment rule”, under which water rights may be partially or entirely suspended, 

temporarily or permanently, if i) there is a failure to comply with the terms of the agreement, 

ii) there is a lack of use for three consecutive years, or it can occur if there is a need to provide 

for priority uses in the interest of the community. Basin committees are empowered to define 

both what is meant by insignificant water withdrawals and sewer releases (not subject to 

permits), and high-priority water uses, taking into account the maintenance of multiple uses in 

the watershed (one of the principles of water policy). 

Note that priority allocation of the funds collected is to the river basin in which they 

are generated. In 2005, the PCJ basins established charges (average exchange rate of 1 USD = 

1.85 BRL) as follows: 5 USD per 1,000 cubic meters of water extracted, 10 USD per 1,000 

cubic meters of water consumed, 50 USD per ton of Biochemical Oxygen Demand (BOD) for 

sewage dilution into the rivers, and 7.50 USD per 1,000 cubic meters transferred to another 

basin (GWP 2009). The basic structure of the charging mechanisms is discussed in Braga et 

al. (2009) and ANA (2009). Currently, the PCJ Committee raises ~20 million USD per year 

(PCJ, 2011), and most of this amount (59%) is typically allocated to construction of sewage 

treatment stations and waste disposal (Andrade et al., 2011). However, Brazilian law makes 

no provision for cases where water is transferred from one basin to another and consequently, 
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no management practices are stipulated for this situation, which tends to generate conflicts of 

interest among users; such as the agreement between PCJ and Upper Tietê basins for 

Cantareira water supply system- see below (Carvalho and Magrini, 2006). 

 

 

2.3 Inter/Intra-Basin Water Transfers and Possible Conflicts: Brazilian Case Study  

The Metropolitan Region of São Paulo (MRSP), located in Sao Paulo State, is the 

largest urban concentration and industrial complex in Latin America (Braga et al., 2006), 

consisting of 39 municipalities in an intense process of conurbation, responsible for 19% of 

Brazilian GDP, and home to around 20 million inhabitants; 10% of the national population 

(Haddad and Teixeira, 2013). Due to disorderly growth of the MRSP, beginning mainly in the 

1950s, the water supply system in the region is quite inadequate, resulting in periodic lack of 

sufficient water (Braga et al., 2006).  

To mitigate this, the ‘Cantareira System’ inter-basin transfer scheme was initiated in 

1966, to transfer waters from four dammed tributaries of the Piracicaba (the Jaguari, Jacareí, 

Cachoeira and Atibainha), to the Upper Tietê basin (Braga et al., 2001) (Figure 1.2). This 

project brings water by gravity to the Paiva Castro reservoir, from where it is pumped 120 m 

uphill to a treatment station (Braga, 2000). The Cantareira system represents a large fraction 

(69.2%) of water availability in the source basin (Andrade et al., 2011). The project was 

completed in 1973, and now supplies approximately 33 m
3
/s, corresponding to about 60% of 

all of the water consumed in the MRSP (Braga et al., 2006).  
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Figure 1.2 – Inter-basin water transfer between Piracicaba and Upper Tietê River Basins through the 

Cantareira water supply system (data source from Socioambiental Institute – ISA, Whately and Cunha, 

2007) 

 

Because it was unusual, in the 1960s, for the population to participate in decision-

making processes concerning water resources (Braga, 2001), no compensatory measures were 

established for riparian users when the Sistema Cantareira was designed (Andrade et al., 

2011). However, an industrial sector boom in the Piracicaba Basin during the 1980s resulted 

in heavy industrial and residential development, while also agriculture became highly 

mechanized (Porto, 1998). This gave rise to enormous industrial and urban development over 

the following two decades, and generated fierce debate and major conflicts regarding water 

use, particularly among the users of the Upper Tietê River (Andrade et al., 2011).  

Today, having established numerous environmental laws and regulations, the 

processes for approval of such projects has become much more complex (Andrade et al., 

2011). In 2004, the renewal of authorization to transfer water to the MRSP was carried out 

under a new arrangement (Braga et al., 2006), in which the PCJ Committee river basin 

management committee played an active role in defining better goals during the licensing 

renewal process needed to continue water transfers to the Piracicaba River basin. After 

intense negotiation with the SABESP regional water supply company that operates the water 

transfers (Andrade et al., 2011), maximum and minimum renewal rates of 24.8 to 31m³/s were 

defined for the MRSP and 3 to 5m³/s for the PCJ basins, along with operational rules to be 

applied during drought conditions (PCJ, 2011). During the renewal process, a Water Bank 
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mechanism was approved, by which unused water rights during the wet season could be 

stored and used during dry periods (ANA, 2009).  

The negotiation process was supported and supervised by the National Water Agency 

and the Department of Water and Power of the State of São Paulo and IGAM (water entity of 

Minas Gerais State) under the express requirement that water should be provided to the 

Piracicaba River basin to meet their basic demands (Braga et al., 2006). Compensatory 

measures in the PCJ basins were instituted using financial resources from fees collected from 

water users. In 2008, the total amounts collected from recipients of Cantareira water transfers 

were ~R$ 10 million (reais) (Andrade et al., 2011). Overall, the authorization renewal and 

management water transfer process was considered a successful experience for water users in 

both river basins (Andrade et al., 2011).  

The PCJ basins plan now classifies the headwaters of Cantareira system for 

“Protection and Control” (PCJ, 2011), and the water quality goals within this region refer to 

the “class 1” for Cachoeira, Atibainha and Jacareí River basins and “class 2” for Jaguari River 

basin, in accordance with Brazilian CONAMA Resolution no. 357/2005 (Brazil, 2005), which 

specifies the quality requirement for drinking water and other specific uses (PCJ, 2011). In 

addition, some economical trade-offs have been made at the Cantareira drainage basins in 

regards to water supply for downstream water quality protection. These are termed payments 

for ecosystem services, and are represented by a number of projects, such as “Water 

Conserver” and “Water Producer”, which facilitate financial compensation to rural 

landowners who preserve and restore forests and grasslands along streams, and who 

implement best management practices on cropland and cattle ranches (TNC, 2010; 2012). 

Recently, the unexpected low amounts of rainfall during the Brazilian rainy season, 

which are the lowest records ever measured since 1930, promoted an abrupt decrease of the 

water delivery capacity of the Cantareira System. Consequently this has caused a high 

scarcity risk for MRSP and the source basin population. Emergency actions were taken to 

guarantee supply, such as part-time water rationing, financial bonus or penalties according to 

consumption changes, and water pumping from the bottom of reservoirs ("dead volume") - 

see The Guardian, 21 May 2014. At this critical time, a water transfer project has been 

proposed to bring water from the neighboring basin (Paraiba do Sul River Basin). This basin 

supplies the second Brazilian largest city of 'Rio de Janeiro', but negotiations have been 

difficult among authorities. Under the pressure of being the host of the world's biggest soccer 

event (2014 World Cup), the 2016 Olympic Games, and amidst this water crisis situation, 
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Brazil has put to proof the efficiency of water management system amidst many technical and 

political discussions. 

A few years ago, the National Water Agency analyzed the availability of all Brazilian 

water resources, growth of the population, and the infrastructure condition, and estimated that 

Brazil will need to invest a total of R$ 22 billion by 2015 to avoid the possibility that 55% of 

the municipalities in the country (including large cities such as São Paulo, Rio de Janeiro, 

Salvador, Belo Horizonte, Porto Alegre, and Brasília) will suffer from water supply problems 

(ANA, 2010).  

Clearly, Brazil needs to reduce its dependency on a few water sources (e.g. Cantareira 

system) and increase the resilience capacity for drought conditions. Braga et al. (2006) 

commented that it would be very difficult to expand the water supply system in the MRSP, 

because further water transfers from neighboring basins would impose large political and 

social costs. However, it has become a problematic issue because Upper Tietê Basin, that 

integrates MRSP, is highly dependent on surface water source, being attributed of low 

groundwater per capita availability (93 L/inhab.day
-1

), where only 0.8% of the population 

basin is supplied by groundwater (Hirata et al., 2007). On the contrary, the west of São Paulo 

State has a larger groundwater per capita availability and shares water from Guarani aquifer 

and other aquifers (Hirata et al., 2007). Water infra-structure, maintenance and efficiency 

projects should be implemented, such as decrease of water losses in distribution networks, and 

pollution control, in addition to widespread non-structural measures (e.g. saving, and reuse) 

will be also essential.  

 

 

3 American Aspects 

 

 

3.1 Development of Water Policy in the United States: Looking to the Past to 

Understand the Present 

In the mid to late 18th Century, developers of American governance and US 

Constitution were heavily influenced by ‘The Enlightenment Age’, wherein science and 

political philosophy were combined so that the construction of government was perceived as 

an experiment (Ferris, 2010; Doyle, 2012). In this approach, experiments are often used as 

“pilots” in order to sell new policies and have the capacity to change as needed to reflect 

changes in the priorities of society (Huitema, 2009; Doyle, 2012). Today, U.S. water 

management has evolved into a complex legal and administrative framework, built up over 
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two centuries and based on the U.S. Constitution, federal and state legislation, judicial 

decisions, common law, and even international treaties (Christian-Smith and Allen, 2012). 

Among the numerous pieces of water-related legislation that compose American water policy, 

particularly important are the following: Rivers and Harbors (1899); Reclamation act (1902); 

Flood Control act (1917); Federal Power act (1920); Wild and Scenic Rivers Act (1968); 

National Water Commission Act (1968); National Environmental Policy Act (1969); Water 

Resources Development Acts (1970s; 2013); Endangered Species Act (1973); and the Clean 

water Act (1977). While, during the twentieth century, the States initially held considerable 

discretion in water management, federal authority over water has expanded greatly over time, 

now encompassing navigation, irrigated agriculture, flood control, hydropower, water quality, 

and public health concerns (Gerlak 2006). 

In 1965, the Federal Water Resources Planning Act provided for the establishment of 

the Water Resources Council, river basin commissions, and financial assistance to the States 

water planning programs. The Council was directed to develop principles and standards for 

basin plans, in addition to criteria for economic evaluation of water resource projects (Curran 

and King, 1974; Galloway Jr., 2011). Following this, through the National Water Commission 

Act of 1968, the US recognized the need to give consideration to, among other things, 

conservation and more efficient use of existing supplies, increased usability by reduction of 

pollution, innovations to encourage the highest economic use of water, inter-basin transfers, 

and technological advances (Christian-Smith et al., 2012). Subsequently, the National 

Environmental Policy Act of 1969, which has been called a revolutionary piece of 

environmental legislation, established a national policy for the environment, set up the 

Council on Environmental Quality, and required federal agencies to take environmental 

impacts into consideration during planning and development (Curran and King, 1974; 

Cardwell et al., 2006). 

Consequently, regulatory policy became the hallmark of environmental legislation 

during the 1970s (Gerlak 2006). The Endangered Species Act of 1973 (ESA) provided for the 

conservation of threatened species, and the conservation of the ecosystems upon which they 

depend. The Clean Water Act of 1977 addressed the control of surface-water pollution 

through specific tools and water quality standards, and the Safe Drinking Water Act of 1974 

established standards for drinking water quality. Since 1974, various Water Resource 

Development Acts (WRDAs) have been released, which provide for regular authorization by 
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the Congress in regards to water resources development projects considered critical for the 

nation, and implemented by the US Army Corps of Engineers (NRC 1999a).  

During the 1970s, the U.S. Water Resources Council designated 21 major water-

resources regions and 222 sub-regions as the basis for comprehensive planning, and thereafter 

the U.S. Geological Survey divided the country into 352 hydrologic accounting units and 

2,149 cataloging units (based on surface features) for the management of national water data. 

Meanwhile, the socio-political scales of cities, counties, and states, are used for the collection 

and collation of the social and economic data for the U.S. Census (Seaber et al., 1987). Put 

together, this implements a multi-scale approach to water management (Doyle, 2012). As an 

example, in response to problems associated with severe groundwater overdraft, the Arizona 

legislature passed the landmark Groundwater Management Act in 1980, establishing several 

Active Management Areas, generally based on groundwater basin boundaries (ADWR, 2013). 

Overall, the U.S. multi-institutional arrangement is characterized by: i) federalism, the 

devolution of responsibilities between national, state, and other local governments (e.g. 

municipalities, counties); and ii) adaptive management practices via agency structures that are 

highly malleable and that can change direction (Doyle, 2012). Arguably, however, the 

nation’s strategy for managing water resources is badly fragmented (Christian-Smith and 

Allen, 2012). While the federal Environmental Protection Agency (EPA) has primary 

authority over water pollution, the states regulate the allocation of water from lakes, streams, 

and groundwater, while local governments are generally responsible for regulating the land 

use practices that are actually responsible for degrading the water quality (Andreen and Jones, 

2008). In essence, this amounts to a bifurcated water policy system, where the federal 

government dominates in regards to quality issues, while the states dictate quantity issues 

(Gerlak, 2006).  

 

 

3.2 Water Allocation Systems in the United States and their Application on Water 

Transfer Projects  

In general, water allocation systems aim to achieve fair water distribution among 

multiple users, support development priorities, guarantee expected supply, promote efficient 

water use, and protect the aquatic ecosystem (Speed et al., 2013). Each country, region, or 

local community tends to develop its own sets of institutions and practices governing the 

allocation of water, and these continue to evolve as conditions change (Wurbs, 2013).  
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In the U.S., surface waters are treated as “a public resource, held in trust for use by the 

people of the state” (Smith, 2009), but this basic principle has been applied in two different 

ways – through the riparian and prior appropriation systems. Each State has adopted water 

codes that outline the details of each system and specify the process by which permits to use 

water may be obtained (Schutz 2012). Custom, culture, geography, legislation, and case law 

help shape the way in which each State applies these basic principles (Blaney, 2007). 

However, a separate system of laws and customs guides the allocation of groundwater 

resources (Wurbs, 2013). 

The American water allocation regime arose from pre-industrial English common law 

and began with the riparianism system. When the colonists began a new society in eastern 

U.S. they found a similar physical geography (mixed temperate forest, humid climate, many 

streams and rivers), and start to apply the same type of water law they were accustomed to 

back in England (Thompson, 1999).  

Riparian rights, in their pure form, allowed owners of land adjoining a watercourse to 

use/divert water under the natural flow theory, in which every user is obliged to maintain the 

quantity and quality of the water before and after use. Then this doctrine was modified 

including theory of reasonable use, changing the condition where riparian user could not hurt 

the stream (natural flow theory) to the user that should not hurt other riparian users (theory of 

reasonable use) (Thompson, 1999). The definition of reasonable use is normally agreed upon 

by riparian neighbors, but in case of conflict between them, it is up to the court to decide on a 

case-by-case basis (Hu and Eheart, 2014). The riparian doctrine requires users to continually 

adjust (reduce) their right as new users and uses come along, in other words, the this principle 

does not protect established users from users that come along later (Thompson, 1999). When 

drought occurs the shortage is fairly shared by all users (Hu and Eheart, 2014). 

Today, riparian-based water systems are mostly recognized only in the eastern half of 

the U.S. (Smith, 2009). As the United States expanded into the semi-arid Western Territories, 

a different “prior appropriation” water regime evolved in response to the dry conditions 

(Cassuto and Sampaio, 2011). Under this doctrine, dominant in the western half of the United 

States, “the first person to use water acquires the right to its future use as against later takers”, 

which means “first in time first in right” (Smith, 2009). The Western water law was initially 

developed from experiences, customs, and usage within the early mining camps (Schutz, 

2012). As settlers moved from the Eastern states to the West in the 1800's, people needed 
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protection from having their water supplies diminished by later population growth and 

economic development (Wurbs, 2013).  

Under prior appropriation, the water rights to beneficial use are represented by a 

specific volume per year, and not by a specific proportion of the annual flow. Therefore, in 

times of low flow, water deliveries to the most “junior” water rights holders are cut off 

sequentially to ensure water deliveries to “senior” water rights holders (Bark and Jacobs, 

2009). The requirement of application for beneficial use is satisfied by irrigation, mining, 

industrial application, stock watering, domestic and municipal use, and many other non-

wasteful economic activities, and has expanded in recent years by some States to include 

ecological purposes (Blaney, 2007). In other words, leaving water in the stream for recreation 

and wildlife is now deemed a beneficial use (Burchi, 2012) supported by ESA law (1973) for 

protection of aquatic habitats. 

The rule “use it or lose it” is also part of the appropriative rights concept. 

Abandonment is established through proof of non-use coupled with ‘intent to abandon the 

water’ (Shultz, 2012). This rule is intended to encourage reasonable water use and discourage 

speculation; unfortunately however, water rights holders commonly use water even when it is 

not necessary, simply to ensure that they do not lose it through abandonment. 

Some hybrid situations do exist in which rules are modified under the two water rights 

regimes (e.g., California, Nebraska, and Oklahoma) which allow, under some circumstances, 

riparian landowners to assert new uses that are “superior” to those with appropriative rights 

(Davis, 2007; Christian-Smith et al., 2012). Today, about half of the states that were once 

committed to traditional riparian rights have now enacted a “regulated riparianism” 

(Dellapenna, 2011), in response to a rapid socioeconomic development, increasing stream 

protection legislation, and an uncertain climate future (Hu and Eheart, 2014). The regulated 

system treats water as a public property to be managed by a state agency; thereby no water 

can be withdrawn from natural sources without a permit (An and Eheart, 2006), combining 

the flexibility of common law riparianism (by accommodating as many reasonable uses as 

possible) with the stability of prior appropriation (by allocating a specific quantity of water 

for the duration of a permit) (Klein et al., 2009). The temporal priority (first in time, first in 

right) in the permit process is still the main difference between of the riparian-based laws and 

appropriative rights (Dellapenna, 2011). 

In addition to the common methods of allocating water, there are also predefined 

rights, for example the "Federally reserved rights", for meeting the purposes for which federal 

lands and Native American reservations were originally set aside (Christian-Smith et al., 



33 
 

 
 

2012). Some western states (e.g. Montana, Idaho, Washington, New Mexico, Colorado, 

Oregon, Utah, Wyoming, and Nevada) have adopted a strategy of conjunctive water 

management to deal with the interconnectedness of surface and groundwater (Hazard and 

Shively, 2011). A more sophisticated technical understanding of the physical link between 

groundwater and surface water has led some water managers to recognize the 

inappropriateness of separate water allocation laws (Valdes and Maddock, 2010), finding 

workable ways to preserve groundwater development while minimizing impacts on flowing 

streams (Pearce, 2003). 

 

 

3.3 Inter/Intra-Basin Water Transfers and Possible Conflicts: American Case Study 

Over the past several decades, rapid population growth in the Western U.S. has forced 

municipalities to secure new water supplies (WGA and WSWC 2012). In particular, inter-

basin water transfers from water-abundant regions (donors) have been adopted as a solution to 

securing water supply to support development in regions with water shortages (recipients) 

(Gohari et al., 2013). A large number of connections between natural and artificial water 

routes have been delineated in the Western U.S. (Foti et al., 2012). During the 20th century, 

resource management at all levels has reflected the prevailing management philosophy of the 

time: to build large-scale, centralized, federally subsidized infrastructure for moving water in 

both space and time to meet current and projected demands (Gleick, 2010). 

In particular, water projects along the Colorado River have shaped the face of the 

southwestern region, enabling agricultural development in semiarid lands by use of irrigation 

systems (Gleick, 2010), and encouraging the growth of major metropolitan areas such as 

Albuquerque, Denver, Las Vegas, Los Angeles, Phoenix, Salt Lake City, and San Diego 

(Robison and Kenney, 2012). Between 1920 and 2000, population growth in the seven states 

that share the Colorado River grew 762% (Gleick, 2010), and the basin currently provides 

water to nearly 40 million people for municipal use while supplying nearly 5.5 million acres 

of irrigated land, and at least 22 federally recognized tribes (USBR, 2013). Substantial 

amounts of water from the Colorado River are used to grow food (Gleick 2010), with 

approximately 80% of the total water withdrawal being consumed by agriculture and the 

remaining 20% used for municipal and industrial purposes (USBR, 2013).  

Since the 1930s, significant infrastructure has been constructed on the system, 

including the two largest reservoirs in the United States (Lake Mead and Lake Powell) such 
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that total storage in the Colorado River Basin now exceeds four times the annual flow 

(Grafton et al., 2013). In addition, several water diversions have been constructed, including 

aqueducts, tunnels, pipelines, and canals for agricultural, municipal, and industrial uses. The 

major inter/intra-basin water transfers from the Colorado River are: the Colorado River 

Aqueduct (to the city of Los Angeles-CA); Central Arizona Project (to central Arizona, 

including Phoenix and Tucson); Coachella Canal and All American Canal (to Southern 

California), Alamo Canal and  Tijuana-Colorado River Aqueduct (to Baja California, 

Mexico); Mode Canal (to Sonora, Mexico); Wellston-Mohawk Canal (to Southern Arizona); 

Government Highline Canal (to Western Colorado); and the Adams Tunnel, part of Colorado-

Big Thompson Project (to Eastern Colorado) (USBR 2013a; NatGeo, 2013) (Figure 1.3). 

 

  
Figure 1.3 – Colorado River Basin showing the main dams (data source from National Atlas of The 

United States, 2013) 
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Although, as recently as 150 years ago, the Colorado River was considered to be “wild 

and dangerous” and consequently explored in both fear and wonder by John Wesley Powell, it 

has long since been tamed.  Being primarily a snowmelt-driven hydrologic system, 92 percent 

of the river’s flow derives from snowmelt in upper basin states (Grafton et al., 2013). Today, 

the entire annual average flow of the Colorado River has been fully allocated under a complex 

set of legal agreements known as the “Law of the River” (Gleick, 2010). This collection of 

documents apportions the water and regulates the use of the Colorado River among its many 

users (USBR, 2013b) (Figure 1.4).  

 

Figure 1.4 – Water allocation timeline of the Colorado River Basin (data source from USBR, 2013b) 

 

Flows in the Colorado River were allocated in perpetuity, by an interstate compact in 

1922. A treaty signed in 1944 obliges the United States to provide a minimum supply across 

the border to Mexico, which diverts that water to irrigation uses at the Morelos Dam close to 

the Mexico–California border (Grafton et al., 2013). Since the late 1990s (after the filling of 

Lake Powell), flows reaching the Colorado River delta have dropped to almost zero in most 

years (Gleick 2003), reducing the delta to about 5% of its original area (Grafton et al., 2013). 

Native trees, including many over 6 m height, now account for only 20% of the species 

composition in this river stretch, having been largely replaced by species that are more salt-

tolerant (Zamora-Arroyo et al., 2001). 

Population growth and a changing climate will, no doubt, tax the future reliability of 

the Colorado River water supply (Rajagopalan et al., 2009). Recent studies project streamflow 

declines in the Colorado River ranging from 10% to 20% for the Upper Colorado River basin 

and 20% to 40% for the Lower Colorado Basin by the mid- 21
st
 century, relative to 1900-1970 

historical conditions (Milly et al., 2008; Vano et al., 2013). Meanwhile, groundwater 

resources in the Southwest are already under significant stress levels (Gleeson et al., 2012) 

and, on top of this, the highest rates of population growth in the West are projected to occur in 
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areas that are at risk due to climate change (Karl et al., 2009). Given these climate and 

demand stresses, water supply risk for the Colorado River is likely to increase significantly in 

the future (Rajagopalan et al., 2009).  

It is interesting to note that, under the 2007 Shortage Sharing Guidelines (USBR, 

2007), the different Colorado Basin States would be unequally affected under conditions 

resulting in an official declaration of shortage in Colorado River water supply (Wildman and 

Forde, 2012). Three levels of water delivery reductions have been established based on Lake 

Mead elevations (<1025', 1025' – 1050', 1050'-1075'), and in all of them Arizona and Nevada 

would share close to 96 % and 4 % respectively of total water reductions (Gastelum and 

Cullom, 2013). Of the six water rights’ priorities within Arizona, the fifth and sixth priority 

water uses will be eliminated first during shortage, followed by the fourth priority (CAP 

water) (ADWR, 2014). Within the CAP water supply there is a further priority system related 

to type of use: municipal/industrial and Indian priority water have the highest priority, 

followed by Non-Indian agriculture (NIA), with the lowest priority CAP water being excess 

pool water (typically used for groundwater recharge) (ADWR, 2014). If shortages were to 

continue for many years, Arizona and Nevada could face extremely difficult choices 

involving potential reductions in population or economic activity, whereas agricultural 

irrigation in the California desert and development of new water projects in the Upper Basin 

could likely be able to continue unabated (Wildman and Forde, 2012). 

The Western U.S. is entering an era of water reallocation, in which part of the demand 

for new supplies will be satisfied by shifting water use from existing users to those with new 

demands (Pearce and Glennon, 2007). So a key mechanism to augment and allocate water to 

the domestic sector, without adding more pressure on current water sources (groundwater and 

rivers), will be to transfer agricultural rights to municipalities (Gastélum, 2012). The trend has 

been for the number of water rights transfers to increase in most areas and regions, but the 

total volume transferred has not been increasing at the same pace, and the average volumes 

per transaction has tended to decrease (Basta and Colby, 2010). Such transfers can be done as 

sale, lease, or donation, and facilitate movement of water among agricultural, municipal, 

industrial, energy, and environmental uses (WGA and WSWC, 2012). The price of water is 

highly variable both within and between western states, reflecting the localized nature of 

factors that affect water prices (Brown, 2006). An interstate market would give these arid 

states access to agricultural trading partners with different crops, planting patterns, and water 

needs (Wildman and Forde, 2012). 
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In this context, the Water Bank mechanism in Arizona has been hailed as a major 

innovation in water management, and has changed the tenor of interstate negotiations in the 

Colorado River Basin. Due to the fact that Arizona needed to quickly utilize its full allocation 

during the 1980s and early 1990s, the Arizona Water Banking Authority (AWBA) was 

created in 1996 (Jacobs and Holway, 2004). Arizona has the right to consumptive use of up to 

2.8 million acre-feet annually. Today, approximately 1.6 maf of this supply is apportioned to 

the Central Arizona Project (CAP) and Colorado River mainstream water users (ADWR 

2013). One of the main objectives of AWBA is to protect Arizona's present and future water 

supply by banking portions of unused Arizona’s entitlement. In addition AWBA has provided 

interstate water banking to assist Nevada and California. Excess CAP water is stored 

underground (for future recovery) to ensure reliable municipal water deliveries during future 

shortages (Jacobs and Holway, 2004). This water is stored either by direct injection into the 

aquifers (using mainly recharge basins) or by indirect recharge by means of irrigation districts 

using Colorado River water (which are converted into long term storage credits) (Gastelum 

and Cullom, 2013). In addition to storage by the AWBA, individual water providers and 

others have been storing water for future use, so a strong market for credits may emerge as 

water supplies get tighter (Megdal, 2012). 

 

 

4 Discussion and Conclusions 

 

 

American and Brazilian water laws have begun to shift towards management and 

allocation systems that recognize the limited nature of the water resource. This has happened 

slowly in North America and more abruptly in Brazil (Cassuto and Sampaio, 2011). Since the 

1970s, the U.S. has made little progress, and has become increasingly fragmented and 

confused about fundamental management of the nation’s water resources (Galloway Jr., 

2011). Further, a conservative political culture defined by factors such as individualism and 

anti-regulation presents a major obstacle to implementation of conservation strategies to 

regulate water demand (Gástelum, 2012). It is important, therefore, to identify inflexible 

standards that undermine the ability to meet important future human needs (Auerbach, 2013). 

Clearly, American water management has important characteristics that provide for 

higher levels of stability to the users, and is less bureaucratic and time-consuming than the 
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Brazilian decision and operation process. However, some of the principles implemented 

within the Brazilian management framework could be beneficially incorporated into the 

American system, including: a) a more participatory approach involving government, users, 

and citizens; b) recognition of the economic value of bulk water as a finite natural resource 

(regardless of market value); and c) placing the highest priority on drinking water supply 

during times of shortage. In this regard, the Piracicaba River Basin Committee is an excellent 

example of how a decentralized decision process can help with complex water allocation 

processes (Porto, 1998). In particular, the post-diversion initiatives of the PCJ Committee 

helped to correct environmental problems caused by water transfer that had not been 

anticipated, or addressed and worked out, during the planning phase (Andrade et al., 2011). 

Further, the negotiation process strengthened the committees as a water management entity. 

From lessons learned, it can be safely said that upstream-downstream water and 

environmental management problems can be partially resolved by means of a clear definition 

of trade-offs that necessarily include economic, social, and environmental variables (Braga, 

2000).  

Davis (2007) discusses general differences in water resources management actions 

among developed and “in development” countries, and emphasizes that actions in less 

developed countries often involve institutional change (capacity building) and stakeholder 

engagement for  provisioning of basic services for development needs, while actions in 

developed countries are usually focused on a re-examination of water management practices 

in the context of changing societal conditions and existing environmental restoration 

opportunities. Participatory processes in the information age may facilitate a socially 

equitable resource allocation even with stakeholder groups with strong political and economic 

power differentials, especially in settings with enforceable regulatory and legal frameworks. 

This strongly suggests the need for a re-examination of the American water system to 

incorporate a much stronger participatory or stakeholder-based process that will lead to more 

consensual and commonly agreed decisions, and ones that are consistent with local values. 

The Brazilian system, in turn, could be benefited from certain characteristics of 

American water management, including reduced bureaucracy and a more efficient decision 

and operation process. Despite the important characteristics of decentralization and shared 

responsibility incorporated into the Brazilian water legislation, its practical application can be 

characterized by a bureaucratized, time-consuming, and sometimes, exclusionary practices by 

strong stakeholder groups, as demonstrated by experiences in the Paraíba do Sul and São 

Francisco River Basins (Ioris, 2009; Andrade et al., 2011). Nowadays, under the pressure of 
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being the host of the world's biggest soccer event (2014 World Cup), the 2016 Olympic 

Games, and the current water shortage crisis in the most important economical region 

(Southeast), Brazil needs to conduct negotiations for short-term solutions through an 

extensive water management framework. 

In the future, the U.S. and Brazil can both be expected to face substantial changes in 

the water cycle, coinciding with multiple stresses including population growth and 

competition for water supplies. While “hard-path” planners may erroneously equate the idea 

of using less water as being related to a loss of well-being (Gleick, 2003), “soft-path” 

solutions have the potential to improve the overall productivity of water use and deliver water 

services matched to the needs of end users, thereby reducing the pressure to seek sources of 

new supply (Gleick, 2002). Both countries have used soft-path solutions to ensure systems 

adaptability to future water demand and availability, including the use of water bank 

mechanisms and water rights transfers to supplement physical water transfer operations. 
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A BLUE/GREEN WATER-BASED ACCOUNTING FRAMEWORK FOR 
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*A modified version of this chapter has been published as: Rodrigues, D. B. B., Gupta, H. V., 

& Mendiondo, E. M. (2014). A blue/green water-based accounting framework for assessment 

of water security, Water Resources Research, 50, doi:10.1002/2013WR014274. (Journal impact 

factor: 3.709; Qualis CAPES: A1) 

 

Abstract 

A comprehensive assessment of water security can incorporate several water-related concepts, 

while accounting for Blue and Green Water (BW and GW) types defined in accordance with 

the hydrological processes involved. Here, we demonstrate how a quantitative analysis of 

provision probability and use of BW and GW can be conducted, so as to provide indicators of 

water scarcity and vulnerability at the basin level. To illustrate the approach, we use the Soil 

and Water Assessment Tool (SWAT) to model the hydrology of an agricultural basin (291 

km²) within the Cantareira water supply system in Brazil. To provide a more comprehensive 

basis for decision-making, we analyze the BW- and GW-Footprint components against 

probabilistic levels (50th- and 30th-percentile) of freshwater availability for human activities, 

during a 23-year period. Several contrasting situations of BW provision are distinguished, 

using different hydrological-based methodologies for specifying monthly Environmental 

Flow Requirements (EFRs), and the risk of natural EFR violation is evaluated by use of a 

freshwater provision index. Our results reveal clear spatial and temporal patterns of water 

scarcity and vulnerability levels within the basin. Taking into account conservation targets for 

the basin, it appears that the more restrictive EFR methods are more appropriate than the 

method currently employed at the study basin. The Blue/Green water-based accounting 

framework developed here provides a useful integration of hydrologic, ecosystem and human 

needs information on a monthly basis, thereby improving our understanding of how and 

where water-related threats to human and aquatic ecosystem security can arise.  

 

Keywords: Water scarcity; Water vulnerability; Environmental Flow Requirements, SWAT 

model  
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1 Introduction 

 

 

Uncertainties regarding future climate, trends in population growth, and changes in 

lifestyle, are likely to promote significant increases in risks associated with environmental and 

human water security. It has been reported that 80% of the world’s population is exposed to 

high levels of water security risk, with consumptive water use being one of the strongest 

stressors (Vörösmarty et al., 2010). Currently, agriculture accounts for 70 percent of global 

freshwater withdrawals, and more than 90 percent of its consumptive use (FAO, 2012). It has 

been estimated that there will, by 2050, be a 70 percent increase in demand for food 

production globally (relative to 2009 levels), and up to a 100 percent increase in developing 

countries (FAO, 2011). In the context of Brazil, Oki and Kanae (2006) have reported that 

significant levels of water scarcity already exist for some regions, and in 2010, the National 

Water Agency predicted that one half of Brazilian cities will experience significant levels of 

water stress by 2015 (taking into account population growth rates, availability of water 

resources, and current infrastructure condition of these cities), which would affect 

approximately 139 million inhabitants (ANA, 2010). Recently, Southeastern Brazil 

unexpectedly experienced extremely low rainfall during the rainy season, resulting in threats 

to water security in the Metropolitan Region of Sao Paulo city (home to approximately 20 

million inhabitants and the most important economic region in Brazil), so that emergency 

actions were needed to guarantee supply - see The Guardian, 21 May 2014. 

The gap between water demand and availability is usually described by concepts of 

stress, shortage, and scarcity, which are respectively related to: accessibility problems, 

population-to-volume ratio, and whatever reason (i.e. scarcity is a general term) (Rockström 

et al., 2009). Water security, in contrast, refers to acceptable levels of water-related risks 

while balancing support for livelihood, human well-being, socio-economic development, and 

ecosystem functioning (Grey and Sadoff, 2007; Bakker, 2012). Policies for national water 

security must consider not only the availability of water resources, but also their 

interdependence with other basic societal needs such as food, energy and climate, while 

seeking an equitable distribution among the actors involved (Zeitoun, 2011). So, the level and 

extent of water security (or insecurity) is characterized by interactions between societal needs, 

ecosystem functioning, and hydroclimatic conditions (Scott et al., 2013). Meanwhile, the new 

Scientific Decade (2013–2022) entitled “Panta Rhei—Everything Flows”, being promoted by 

the International Association of Hydrological Sciences (IAHS), is designed to focus attention 
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on the role that hydrological systems play as a changing interface between environment and 

society, and whose dynamics are essential for determining water security, human safety and 

sustainable development (Montanari et al., 2013). 

The freshwater cycle can be partitioned into two kinds - ‘green’ and ‘blue’ water - in 

accordance with the hydrological processes and storage type involved. Blue water flows 

through either on or below the land surface, and can be stored in aquifers, lakes, and 

reservoirs, while Green water refers to the portion of precipitation that infiltrates to become 

soil moisture or remains temporarily on top of the soil or vegetation, then eventually returns 

to the atmosphere via transpiration and evaporation (Falkenmark and Rockström, 2006; 

Rockström et al., 2009). The consumption of each of these kinds of water - blue and green by 

human activities, has been incorporated into the Water Footprint concept developed by Arjen 

Hoekstra (Hoekstra & Hung, 2002; Hoekstra et al., 2011). Accordingly, the Blue Water 

Footprint (BW-Footprint) represents consumptive use from blue water sources (surface water 

and groundwater bodies), and the Green Water Footprint (GW-Footprint) represents the 

fraction of green water that is consumed by agricultural lands (e.g. evapotranspiration from 

crop and permanent pasture areas) (Hoekstra et al., 2011), which is also called "productive 

vapor flows" (Rockström et al., 2009). Note that the BW- and GW-Footprint components 

represent the consumptive part of the Water Footprint concept, which is also composed by 

another component (Grey Water Footprint) and indirect water use (virtual water) (A. 

Hoekstra, personal communication 2013). 

The environmental sustainability of BW- and GW-Footprint components can be 

evaluated (at the river basin scale) in relation to freshwater provision levels (water available 

for human activities), thereby facilitating the identification of hotspots; i.e., times of the year 

(such as dry periods) and locations (e.g., specific sub-catchments) at which problems of water 

conflict are more likely to occur (Hoekstra et al., 2011). Specifically, Blue Water provision 

level depends on the reference values established as the Environmental Flow Requirement 

(EFR) necessary for ‘supporting’ ecosystem services (Honrado et al., 2013). These values 

quantify the amounts of water that must be kept flowing down a river to maintain the quality, 

quantity and temporality required to achieve environmental goals. The EFR specifies the 

equilibrium levels for specific situations, taking into account river uses by the local 

population and the river conditions considered acceptable by them (O’Keefe et al., 2009). 

Consequently, there are on the order of 200 different eco-hydrological techniques for EFR 

establishment (Tharme, 2003); various Brazilian river committees and water footprint 
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assessment studies have used a variety of hydrological-based methods (Benetti et al., 2004; 

Hoekstra et al., 2011, 2012; Zeng et al., 2012). Note that EFR accounting must be performed 

using flow time series that represent naturalized conditions as closely as possible (Van Loon 

and Van Lanen, 2013). 

Joint management of blue and green water is useful for identifying critical 

hydrological situations where water abstractions, Environmental Flow and Crop Water 

requirements need to be met with reduced water resources, and for design of management 

practices needed to maintain required levels of Blue Water flow to downstream users (Calder, 

2007) so as to decrease blue water dependency. Such considerations are incorporated into the 

'Integrated Land and Water Resource Management' system, which redefines 'Integrated Water 

Resource Management' by considering not just the Blue Water resource, but also the entire 

water balance (including the Blue/Green water cycle) as being “manageable” (Falkenmark 

and Rockström, 2006). 

If historic patterns of land and water use persist, the capacity of ecosystems to sustain 

freshwater services (such as provisioning and supporting) has been strongly compromised 

throughout much of the world (Vӧrӧsmarty et al., 2005). Academic research on issues of 

water security tends to be relatively poorly integrated with the needs of policy-makers and 

practitioners (Bakker, 2012). Vulnerability and risk assessment have been identified, 

therefore, as critical aspects of the water security agenda (Bakker, 2012). In particular, water 

vulnerability assessments can help to identify potential weaknesses in water system security 

(ASDWA and NRWA, 2002), by evaluating the ability of available water sources to meet 

projected water abstraction needs under conditions of water stress (Padowski and Jawitz, 

2012).  

Water scarcity and vulnerability are both time-dependent phenomena, varying within 

the year and from year to year in accordance with climatic variability. Standardized 

assessments of scarcity and vulnerability can provide a useful basis by which societies can 

increase their water security and better prepare for future conditions (Padowski and Jawitz, 

2012; Sullivan, 2011). In this paper, we present a blue/green water-based accounting 

framework that integrates concepts relevant to water security assessment, and which can help 

diagnose primary water-related threats to human and aquatic ecosystem security. To illustrate 

the approach, we demonstrate how a quantitative analysis of use (abstraction and 

consumption) and provision probability of BW and GW can be conducted, so as to provide 

indicators of water scarcity and vulnerability for a socially relevant study basin in the 

Southeast of Brazil. 
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2 Materials and Methods 

 

 

2.1 Study area 

We apply the blue/green water-based accounting framework, through a process of 

hydrological modeling and estimation of water scarcity and vulnerability indicators (Figure 

2.1), to the 291 km
2
 Cachoeira river basin (46°16'18"W 23°6'25"S to 46°0'21"W 22°50'56"S, 

Figure 2.2), located upstream of the Cachoeira reservoir, within the Piracicaba river basin. 

The study basin was divided into two upstream sub-basins (A and B), which are the main 

contributor areas for the basin outlet, including the headwaters of the basin and having their 

outlets upstream of the confluence of the tributary and main channel (Figure 2.2). 

 

 
Figure 2.1 - A Blue/Green Water-based accounting framework for assessment of water security 

 

This study basin has significant economic and social relevance, because it is part of 

the Cantareira System of water supply, which involves a sequence of four reservoirs used to 

supply water to about 9 million people in the Metropolitan Region of Sao Paulo. The 

Cachoeira reservoir contributes about 15% of the total water supplied by the Cantareira 

system (Whately & Cunha, 2007). The river basin plan that covers this basin is called the 

Piracicaba-Capivari-Jundiai River Basin Plan, and considers the region for “Protection and 

Control” (PCJ, 2011). The water quality goals for the water bodies within this region refer to 
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the “class 1” of Brazilian CONAMA Resolution no. 357/2005 (Brazil, 2005), which requires 

that water quality for drinking water and other specific uses be achievable with only 

simplified treatment (PCJ, 2011). Such classification of water bodies in different classes of 

use is one of the instruments of Brazilian Water Resources Policy (Law 9433/1997) (Porto, 

1998), and intends to balance specific water quality standards and waste treatment costs, 

either to keep the standards or to restore the quality of degraded rivers and lakes (Porto and 

Porto, 2002). 

 

 
Figure 2.2 - Study area represented by Cachoeira river basin (291 km²), which is divided into two 

upstream sub-basins (A and B) and covered by land use map correspondent to reference year 2010. 

The locations of water permits and hydrological gages are shown 
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The Land Use/Land Cover (LULC) of the study area is essentially agricultural. 

Extensive cattle husbandry and woody crops, such as eucalyptus and pine trees, are the 

prevailing activity (Table 2.1). The LULC classifications were developed using Landsat 

Thematic Mapper (TM) images corresponding to reference year 2010. The Brazilian Soil 

Classification System (based on USDA, 1975 and FAO/Unesco, 1974) (Embrapa, 2006) 

indicates the soil classes to be: dystrophic Red-Yellow Latosol (LVA) (64.7%); dystrophic 

Haplic Cambisol (CXbd) (14.3%); and Dystrophic Red-yellow Argisol (PVAd) (21.0%). The 

first soil class is defined as clay, and the second and third as sandy clay. The climate is humid 

subtropical (Cwa), characterized by warm/humid summers and cool/dry winters, in 

accordance with the updated Kӧppen-Geiger climate classification (Peel et al., 2007).  

 

Table 2.1 - Land use distribution for the Cachoeira river basin and sub-basins 

Land use 

Sub-basin 

Entire basin A B 

Low density occupation <1% <1% <1% 

Agriculture (annual crops) <1% <1% <1% 

Pasture 55.9% 31.7% 46.3% 

Woody crops 23.7% 36.7% 29.5% 

Dense Forest 11.9% 23.7% 15.8% 

Scattered Forest 7.2% 6.8% 7.2% 

Total area 136 km² 107 km² 291 km² 

 

 

2.2 Hydrological Modeling  

2.2.1 Model data input and processing 

The hydrological processes related to Blue and Green Water cycles were simulated 

with the Soil and Water Assessment Tool (SWAT) model (Arnold et al., 1998), using the 

ArcSWAT 2012 version and ArcGIS 10.0 (service pack 5) software (ESRI, 2010). This model 

is widely used for hydrological and non-point source pollution assessment (Gassman et al., 

2007). Data required for the model, including the digital elevation model (DEM), soil 

properties, vegetation cover, meteorological and hydrological time series were obtained from 

several sources as detailed in Table 2.2. 

 

  



54 

 

Table 2.2 - Input data sources for SWAT modeling of the Cachoeira river basin 
Data type Description/properties Scale Source 

Current land use Landsat Thematic Mapper 

(TM) image (year 2010) 

30 x 30 m NGO Terceira Via 

Topography  Contour map (interval of 

20 meters) converted to 

Digital Elevation Model – 

DEM 

1:50.000 

converted to 

20 x 20 m 

The Brazilian Institute of Geography and 

Statistics (IBGE), digitalized by 

SocioAmbiental Institute (ISA) 

Hydrograph Contour and hydrographic 

map 

1:50.000 The Brazilian Institute of Geography and 

Statistics (IBGE), digitalized by 

Socioambiental Institute (ISA) 

Soils Soil map of São Paulo state 1:500.000 Oliveira (1999), digitalized by Piracicaba-

Capivari-Jundiai Water Agency 

Soil map of Minas Gerais 

state 

1:600.000 Embrapa Soils and Federal University of 

Viçosa (2010) 

Meteorological 

Gages 

Maximum and minimum 

air temperature (ºC), wind 

speed (m s
-1

), relative 

humidity (%), solar 

insolation (hr) (converted 

to solar radiation, MJ m
-

²day
-1

); precipitation (mm) 

Daily mean Brazilian National Institute of Meteorology 

(INMET) 

Rain Gages Precipitation Daily sum 

(mm) 

Sao Paulo State Water and Energy Resource 

Management Agency (DAEE); Sao Paulo State 

Water Utility (SABESP) 

Flow gages River discharge Daily mean 

(m³ s
-1

) 

Sao Paulo State Water Utility (SABESP) 

Water demand Permissions for water 

withdrawal and waste 

water discharge 

2012 Sao Paulo State Water and Energy Resource 

Management Agency (DAEE) and National 

Registration of Water Resources Users 

(CNARH) 

 

The soil texture and organic carbon properties were taken from previous studies 

(Barreto et al. 2008; Lima et al. 2011; Hickmann et al. 2011), and the hydrologic soil groups 

(classification of runoff potential for application of “Runoff Curve Number” method, USDA, 

1986) from Sartori et al. (2005). The relief is undulating and has the following distribution: 0-

12%(19.5%); 12-22% (20.2%); 22-30% (21.7%); 30-38% (19.6%); >38% (19.0%). Land use, 

soil classes and slope classes were used to delineate the Hydrologic Response Units (HRUs), 

based on 20% land-use, 10% soils and 10% slope thresholds, following the proportionality 

relation suggested by Jha et al. (2012). The number of land uses defined within a sub-basin 

are based on the first threshold; the soil classes within each land use are defined based on the 

second threshold; and the slope classes defined within each soil-land use combination are 

defined based on the third threshold (Logsdon and Chaubey, 2013). Definition of HRUs was 

done by a re-sampling process that reapportions the remaining areas of land use/soil/slope 

classes, until the threshold requirements are met (Winchell et al., 2007).This process resulted 

in 1375 HRUs, distributed within 85 sub-basins. These sub-basins, in turn, were delineated 



55 
 

 
 

using DEM, pre-defined hydrography (see Table 2.2), and the outlets of interest, while 

considering similar areas and a reasonable level of basin detail.  

Some of the data inputs and parameters were obtained via auxiliary tools: for soil 

properties we used pedo-transfer functions based on organic carbon, texture and depth of each 

soil layer and the “Soil-Plant-Air-Water (SPAW) software”, both developed by Saxton and 

Rawls (2006) and Saxton and Willey (2005); for groundwater parameters we used the 

“Baseflow filter program” (Arnold et al., 1995; Arnold and Allen, 1999); for rainfall spatial 

distribution we used the “PCP_SWAT- extension of ArcGis 10 software” developed by Dr. 

Raghavan Srinivasan; and to fill the gaps due to missing weather data (around 0.4% for 

precipitation data) we used the “SWAT-WXGEN stochastic weather generator” (Sharpley and 

Williams, 1990). 

 

 

2.2.2 Model calibration and evaluation 

The hydrological response of the basin was simulated for the period 1987 to 2009 (23 

years), using the previous year (1986) for model warm up (initialization of model state 

variables). The hydrological model was calibrated for the most undisturbed possible condition 

(Van Loon and Van Lanen, 2013) using observed time series from Jan 1
st
 1987 (Julian day 1) 

to Dec 31
st
 1995 (Julian day 365) and without including any water abstractions. The 

evaluation period was selected to be Jan 1
st
 1996 (Julian day 1) to Dec 31

st
 2001 (Julian day 

365). Based on the automated sensitivity analysis tool provided by the SWATCUP software 

(Abbaspour, 2012) and suggestions from the SWAT Calibration Techniques Manual (Arnold 

et al., 2011) we selected eight (8) hydrological parameters for manual, and thereafter 

automatic, calibration using Sequential Uncertainty Fitting (SUFI-2), which is a local 

optimization algorithm (Abbaspour et al., 2004) also available at the SWATCUP software 

site. Another five (5) parameters were also changed from their default values. During 

calibration, most of the parameters were set to be constant values across the entire basin. 

However, certain parameters (e.g. CN2, Canmx, OV_N, SOL_K, SOL_AWC) were adjusted 

to correspond to observed soil and/or land use classes (Glavan et al., 2013) (Table 2.3). A 

similar set of parameters was used in previous studies involving calibration of the SWAT 

model to reproduce observed streamflow (White and Chaubey, 2005; Zhang et al., 2009). 
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Table 2.3 - Streamflow related SWAT parameter values that were calibrated or changed from their 

default values 
Main 

parameters 

function Description 

SWAT 

parameter Default value 

Calibrated/ 

changed 

value 

Surface 

water 

response 

1. Soil evaporation compensation  factor 

(capacity of the model to extract the 

evaporative demand from soil layers, by 

inverse relationship) 

ESCO 0.95 0.75 

2. SCS runoff  Curve  Number  for average 

moisture condition 

CN2 Varies by 

vegetation and 

hydrologic soil 

group 

Δ+2% 

3. Maximum canopy index: maximum amount 

of water that can be trapped in the 

vegetation canopy (mm)* 

CANMX 0 Varies by 

vegetation 

4. Manning’s value for overland flow* OV_N 0.15 Varies by 

vegetation 

5. Available soil water capacity (mm mm
-1

)* SOL_AWC Varies by soil 

Basin 

response 

6. Surface runoff lag coefficient: factor to lag 

a portion of the surface runoff release to the 

main channel (days) 

SURLAG 4 0.05 

7. Manning coeficient for channel* CH_N2 0.015 0.025 

(Natural 

streams) 

Groundwater 

response 

8. Soil hydraulic conductivity (mm h
-1

)* SOL_K Varies by soil 

9. Delay time for aquifer recharge (days): time 

lag between the time that water exits the 

soil profile and enters the shallow aquifer 

(days) 

GW_DELAY 31 116.0 

10. Groundwater “revap” coefficient: 

regulates the movement of water from the 

shallow aquifer to the root zone in 

response to moisture deficit 

GW_REVAP 0.02 0.03 

11. Baseflow recession constant: response 

index of groundwater flow (into the main 

channel) to changes in shallow aquifer 

recharge (days)* 

ALPHA_BF 0.048 0.0283 

12. Fraction of water percolation to deep 

aquifer (fraction) 

RCHRG_DP 0.05 0.03 

13. Threshold water level in shallow aquifer 

for base flow (mm) 

GWQMN 0 1000 

*Parameter values changed from their default values 

The surface runoff process was simulated by the “U.S. NRCS – Curve Number (CN)” 

method using daily CN value as function of antecedent soil moisture condition (traditional 

method) and slope adjustment (using the equation of Williams, 1995) (Neitsch et al., 2011). 

Evapotranspiration process, in turn, was estimated using the Penman-Monteith equation 

(Monteith, 1965). 

The calibration and evaluation period results were analyzed at daily time scale (at 

which the SWAT model was run), using several graphical and statistical measures, including 
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the coefficient of determination (R²), the ratio of the root mean square error to the standard 

deviation of measured data (RSR) (Legates and McCabe, 1999), the Nash-Sutcliffe Efficiency 

coefficient (NSE) (Nash and Sutcliffe, 1970), the NSE computed using the logarithm of 

observed and simulated discharges (Q) to emphasize low flows (Seibert, 1999; Krause et al., 

2005; Van Loon and Van Lanen, 2013), the Percent Bias statistic (PBIAS) (Gupta et al., 

1999), and the Mean Squared Error (MSE) and its components (Gupta et al., 2009) (Figure 

2.3). Progressive parameter adjustments were made to improve the match between model 

simulations and observed streamflow, using the performance criteria thresholds recommended 

by Moriasi et al. (2007); i.e., NSE > 0.5; RSR ≤ 0.7; PBIAS < ±25; R² > 0.5, in addition to 

seeking a minimum value for MSE. The resulting evaluation measure values obtained are in 

line with other SWAT studies cited by Douglas-Mankin et al. (2010). The MSE value (and its 

component decomposition; Figure 2.3) shows the overall performance of the calibrated model 

in terms of three statistics, associated with reproduction of different aspects of the streamflow 

hydrograph: linear correlation (related to reproduction of hydrograph timing and shape), 

percent bias (related to water balance), and percent variability error (related to slope of the 

flow duration curve) (Gupta et al., 2009).  

 

 
Figure 2.3 - Observed and simulated time series at daily time scales during the calibration and 

evaluation periods 

 

The simulated and observed hydrographs were separated into two components 

(baseflow and surface-runoff) using the USGS HYSEP program, developed by Sloto and 

Crouse (1996) (see Matlab code in DeGasperi and Burkey, 2012). These components were 
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generated by a filtering methodology, called Local-minimum Method, in which the points of 

local minima are connected by comparing the slope of hydrograph (Sloto and Crouse, 1996). 

The evaluation statistics and correlation graph of baseflow modeling is also showed in Figure 

2.3. 

In addition to an evaluation of how well the model outputs fit the field observations, 

the model was also assessed for mass balance/continuity, to analyze how well it represents the 

set of physical processes in the field (fit-to-reality) (van Griensven et al., 2012). 

 

 

2.2.3 Mass balance in SWAT model 

The general water balance equation in the SWAT model may be expressed by 

equation 1 (van Griensven et al., 2012), where each of the components can be associated to 

blue/green water fluxes or storage. For long-term mass balance, if we expect no trend in 

storage, then flows and losses become equal to rainfall (van Griensven et al., 2012). 

Rainfall = Evapotranspiration + Water Yield + Δ(Soil Storage) + Δ(Groundwater Storage) + Losses  (1) 

“Blue water” is represented by “Water Yield” (SWAT output WYLD), which is the 

total amount of water leaving the HRU and entering main channel, and by “Groundwater 

Storage” (difference between the total amount of water recharge to shallow and deep aquifers 

(SWAT output GW_RCHG) and the amount of shallow aquifer water that contributes to the 

main channel (SWAT output GW_Q) during the time step. “Green Water” is represented by 

the “Actual Evapotranspiration” (SWAT output ET), and by the Soil Water Content (SWAT 

output SW), as also suggested by Schuol et al. (2008).  

Here, the use of Blue and Green water flows/storage for human activities was 

analyzed in the context of average hydro-climatic conditions during the simulation period 

(1987-2009), and water scarcity and vulnerability indicators were then computed to be 

integrated into the water security analysis. 

 

 

2.3 Assessment of Green Water Security 

Scarcity and vulnerability indicators were used for evaluating green water security in 

the study basin. The Green Water Scarcity indicator (GW-Scarcity) was computed for 

agricultural activities such as pasture, woody crops and annual crops, as the ratio between the 

Potential Green Water Footprint (Potential GW-Footprint), estimated by the sum of 
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"maximum transpiration", and "soil water evaporation" amounts, and Green Water Provision 

(GW-Provision), represented by Soil Water content (SW) at the beginning of the period. The 

SW variable represents the amount of moisture available for use by plants and soil for 

evapotranspiration, which is calculated as the total soil moisture in the root zone minus the 

wilting point (DeLiberty and Legates, 2003; Srinivasan, R., personal communication 2014). 

Note that the Potential GW-Footprint estimate is influenced by climatology and vegetation 

properties, not taking into account the balance with SW amounts, i.e. they are independent 

variables, which were obtained by a modification of SWAT model code. 

The results were obtained at the HRU level from SWAT model outputs, and then used 

to compute GW-Scarcity for each sub-basin studied (Equation 2). The green water scarcity 

indicator represents how close the average water use is to the physical threshold of water 

availability. 

                  
                                         

                         
     (2) 

where GW-Scarcity(x,t) indicates the level of green water use for human activities at a specific 

location (sub-basin) (x) and time of the year (t), Potential GW-Footprint(x,t) represents the 

potential green water consumption (LT
-1

), GW-Provision(x,t) is the corresponding median (or 

50
th

 percentile) of green water available for use (L) in the beginning of the period, and the 

time step refers to temporal resolution of the case study, e.g. month (T). 

Based on Padowski and Jawitz’s (2012) concepts, the Green Water Vulnerability 

indicator (GW-Vulnerability) was expressed as the susceptibility of agriculture water 

consumption under low soil water content, or drought-like conditions. It was defined using the 

historical low green water provision and the potential green water footprint for the study basin 

(Equation 3): 

                       
                                           

                       
   (3) 

where GW-Provision (P30)(x,t)  is the historical low volume of soil water content at a specific 

location (sub-basin) (x) and time of the year (t), that is exceeded 70% of the time, represented 

by the 30
th

 percentile of the records (L). 

This indicator joins supply- and demand- driven variables of water vulnerability 

(Sullivan, 2011) and defines the limit between ‘‘vulnerable’’ and ‘‘secure’’. The locations and 

time period facing threats from source variability are those with GW-vulnerability > 1 

(hotspots), which have low green water provision that drops below the water required to 
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sustain the actual crop water consumption. So, hotspots (times and places in which water 

conflicts are more likely to occur) are identified by high values of  GW-vulnerability and GW-

scarcity. 

 

 

2.4 Assessment of Blue Water Security 

Similarly, blue water security was evaluated using scarcity and vulnerability 

indicators, in terms of BW-Footprint or water abstraction permits, respectively. Such 

indicators contrast water use against probabilistic levels of water provision, which are based 

on the satisfaction of 100% of environmental demand. We assumed that the water use term 

involves the concepts of both withdrawal (equal to demand) and consumption (withdrawal 

minus return flow) (USEPA, 1995). 

 

 

2.4.1 Blue Water Footprint  

One of the institutions that contributes to management of the study basin is the Sao 

Paulo State Water and Energy Resource Management Agency (DAEE), which controls the 

access to water rights for consumptive and non-consumptive uses within the river basin, in 

accordance with the current basin plan priorities and water uses allowed for the river segment 

(PCJ, 2011). The current BW-Footprint refers to blue water appropriation, or consumptive 

water use, which was defined by the difference between the water permits values for 

withdrawal and wastewater discharge for reference year 2012. The spatial distribution of 

water users within the river basin is depicted in Figure 2.2, while the quantitative distribution 

of these water permits is presented in Figure 2.4, in accordance with water use sector and sub-

basin studied. 

 

 
Figure 2.4 - Distribution of water permits for abstractions and wastewater discharge for each water 

use sector and sub-basin studied 
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In addition to considering the current BW-footprint and -abstractions, we also took 

into account the critical values defined by Water Resources State Plan reported in the Law 

9034/1994 (Sao Paulo State, 1994), which are computed as 50% (fifty per cent) of the 

reference streamflow adopted (i.e. Q7,10, see definition below). Here, we considered the same 

critical values for abstractions and BW-Footprint at sub-basin A (0.30 m
3
s

-1
), sub-basin B: 

(0.32 m
3
s

-1
); and entire basin (0.75 m

3
s

-1
). 

 

 

2.4.2 Blue Water provision based on Environmental Flow Requirements (EFR) 

Estimates of Blue Water Provision (BW-Provision) for human activities were 

developed, by taking into account the water availability (in the rivers) for consumptive water 

use (Hoekstra et al., 2011) (Equation 4). 

BW-Provision (i,x,t) =Q(x,t) – EFR(i,x,t)       (4) 

where the BW-Provision(x,t) is computed for a specific location (sub-basin) (x) and time of the 

year (t) (L³T
-1

), Q(x,t) is the corresponding daily streamflow in the river (L³T
-1

), and EFR(i,x,t) is 

the corresponding fraction of river discharge maintained to meet Environment Flow 

Requirements for specific month of the year and hydrological-based method (indexed by i) 

(L³T
-1

). 

The EFR values were defined using three hydrological-based methodologies at the 

three control points in the study basin corresponding to the basin and sub-basins outlets. River 

discharge values provided by the calibrated SWAT model were used to simulate the 

naturalized situation (as closely as possible) for EFR accounting during the entire simulation 

period (Van Loon and Van Lanen, 2013). These three methodologies incorporate four 

methods, as can be seen below: 

i) Low Streamflow method (7 days and 10-years): Currently the water rights are released by 

the local authority, after considering the conservation requirement to maintain a minimum 

flow into the rivers of Cachoeira river basin. Such EFR has no intra-annual flow variability 

and is defined by the statistical method of 7-day, 10-year, low-flow (Q7,10) (Sao Paulo State, 

1994; Benetti et al., 2003; PCJ, 2011). The Q7,10 value is the average annual 7-day minimum 

flow that is expected to be exceeded on average in 9 out of every 10 years, which is 

equivalent to the tenth percentile of the distribution of 7-day annual minimum streamflows 

(Reily and Kroll, 2003). The frequency of extreme low streamflow series was adjusted to 
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lognormal probability distribution (Chow et al., 1988), while ensuring that the acceptable 

standard errors were less than 0.10 for all sub-basins outlets studied. 

ii) Presumptive standard method: It was proposed by Richer et al. (2012) and has been used 

in water footprint studies such as Hoekstra et al. (2011, 2012) and Zeng et al. (2012). The 

presumptive standard is intended for application only where detailed scientific assessments of 

environmental flow needs cannot be undertaken in the near term; it assumes (for planning 

purposes) that 20% of the natural monthly mean flow can be allocated for consumptive use 

(Richer et al., 2012) (Equation 5):  

EFRpresumptive(x,t) = 0.8 . Qmean(x,t)        (5) 

where Qmean(x,t) is long-term monthly mean streamflow in the river (L³T
-1

). 

iii) Adapted Smakhtin-methodology: The Smakhtin EFR methodology focuses on estimating 

ecologically acceptable proportions of baseflow and quickflow, which could be allocated for 

freshwater ecosystem maintenance, and is computed as the sum of the Low and High Flow 

Requirements (LFR and HFR, L³T
-1

) (Smakhtin et al., 2004). The LFR indicates the minimum 

flow requirement for fish and other aquatic species throughout the year, while the HFR is 

important for river channel maintenance, wetland flooding, and riparian vegetation (Smakhtin 

et al., 2004). Both LFR and HFR change with flow variability and the goals of environmental 

water management. We adapted the Smakhtin methodology from annual to monthly EFR 

estimation (Equation 6). 

EFR(moderate; or fair) (x,t) = LFR(x,t) + HFR(x,t)       (6) 

The LFR is defined by a selecting a specific percentile point value from the Flow 

Duration Curve (FDC), constructed using daily flow records. The percentile point was chosen 

in accordance with Environment Management Class (EMC), which means the “desired future 

state” of the river basin (Smakhtin et al., 2004; Smakhtin and Eriyama, 2008): for Moderate 

conservation (slightly or moderately modified basin, with minor water supply schemes or 

irrigation development) the LFR is Q75%; for Fair conservation (considerably modified 

basin, with multiple disturbances associated with socio-economic development) the LFR is 

Q90%.  

The HFR component was defined in accordance with the type of flow regime 

proposed by Hughes & Hannart (2003) and Smakhtin et al. (2004), which relates long-term 

monthly mean streamflow (Qmean) and monthly LFR values: for basins with highly variable 

flow, where LFR is less than 10 percent of the Qmean, the HFR is set to 20 percent of the 

Qmean; for rivers where LFR ranges from 10 to 20 percent and from 20 to 30 percent of the 
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Qmean, the HFR levels are set at 15 percent and 7 percent of the Qmean, respectively; for 

rivers with stable flow, where LFR is higher than 30 percent of the Qmean, the HFR is set to 

zero. 

We applied two EMC conditions (moderate, and fair conservation) for evaluation of 

EFR values in the study basin. The LFR values of 75-, and 90-percent exceedance probability 

resulted in HFR equal to zero, because such LFR values are greater than 30% of Qmean for 

all control points we considered (outlets of sub-basin A, sub-basin B, and entire basin). Then, 

for two EMC conditions, the EFRs in such perennial rivers are represented only by the LFR 

portion. 

 

 

2.4.3 Freshwater Provision Indicator 

The effects of EFR methods were indicated by the quantitative component of 

Freshwater Provision Indicator (FWPIquantitative), proposed by Logsdon and Chaubey (2013) 

(Equation 7). This considers the natural reasons (drought) for risk of violating EFR levels in 

terms of the frequency of monthly mean river discharge being less than EFR. The 

FWPIquantitative will be equal to one if EFR are met throughout the time period, and otherwise 

will be less than one (Logsdon and Chaubey, 2013).  

                        
                     

                                 
      (7) 

where FWPIquantitative(x,t) is computed for a specific location (sub-basin) (x) and month (t) of the 

year, qnet is the number of months (T) when monthly mean river discharge is less than the 

EFR during the period studied, and nt is the total number of months (length of the period 

studied, T).  

 

 

2.4.4 Blue Water Scarcity 

The BW-Footprint was compared with median BW-Provision over the simulation 

period (1987-2009), which reflects the variability of climate during the 23 year study period, 

then the Blue Water Scarcity (BW-Scarcity) indicator was estimated (Equation 8):  
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   (8) 

where BW-Footprint(x,t) represents the consumptive water use for human activities at a 

specific location (sub-basin) and time (month) of the year, and Median BW-Provision(x,t) takes 

into account the 50
th 

percentile of BW-Provision(x,t) for each EFR method (indexed by i) (L³T
-

1
) (Equation 4). 

 

 

2.4.5 Blue Water Vulnerability 

Blue Water Vulnerability (BW-Vulnerability) is expressed as the susceptibility of 

water withdrawal for human activities under low-flow, or drought like, conditions (Padowski 

and Jawitz, 2012). Here, it was defined using the historical low-flow conditions and the blue 

water abstraction for the study basin (Equation 9) as: 

                        
                   

                         
  (9) 

where BW-Abstraction(x,t) is the corresponding sum of water permits for abstraction within the 

basin (L³T
-1

) , and BW-Provision (P25)(i,x,t)  is the low-flow volume of BW-Provision (Equation 

4) at x and t for each EFR method (indexed by i) that is exceeded 70% of the time, 

represented by the 30
th

 percentile of the records (L³T
-1

)  

Similar to the concept of GW-Vulnerability, the vulnerable locations and time period 

are those with BW-Vulnerability > 1 (hotspot), which have low water provision flows that 

drop below the minimum water required to sustain human demand (Padowski and Jawitz, 

2012). In the same way, high BW-vulnerability and -scarcity values area useful to identify 

hotspots (time and places in which water conflicts are more likely to occur). 

 

 

3 Results and Discussion 

 

 

3.1 Annual balance of blue and green 

Annual average values for the various hydrological components, obtained by 

aggregating simulated results over the period 1987-2009, were used to quantify blue and 
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green water general balance and examine spatial patterns within the basin and its sub-basins 

(Table 2.4).  

 

Table 2.4 - Annual average of green and blue water flows, variation of storage and footprint 

components from aggregation of results for Cachoeira river basin at the current LULC 

Spatial  

Scale 

Precipitation 

Blue water Green Water 

Blue 

Water 

Footprint 

Green Water 

Footprint 

Surface 

water 

Δ(Groundwater 

Storage) 

Green water Flow 

(Actual 

evapotranspiration) 

Δ(Green 

water 

storage) 

(mm year-1) 

(mm year-1) 

(Fraction of 

Rainfall) 

(mm year-1) 

(Fraction of 

Rainfall) 

(mm year-1) 

(Fraction of 

Rainfall) 

(mm 

year-1) 

(Fraction 

of 

Rainfall) 

(hm³ 

year-1) 

(hm³ year-1) 

(agricultural 

land, km2) 

Sub- 

basin A 

1705.6 659.7 16.5 1022.0 7.4 1.1 106.8 

(112.9 km2) 
38.7% 1.0% 59.9% 0.4% 

Sub- 

basin B 

1868.3 732.9 17.2 1110.1 8.0 0.2. 71.7 

(72.8 km2) 
39.2% 0.9% 59.4% 0.4% 

Entire  

basin 

1751.0 686.9 16.5 1040.1 7.4 1.3 214.4 

(225.6 km2) 
39.2% 0.9% 59.4% 0.4% 

 

Our results indicate that the proportionality relation between blue and green water 

flow fractions for our study area are similar across all the scales studied. Such values can be 

considered reasonable for a humid tropical region, taking into account that Falkenmark and 

Rockstrom (2010) reported the global average of 35% for BW flow and 65% for GW flow, 

and 94.3% (GW flow) and 5.7% (BW flow) for Kenya (arid and semiarid climate), Glavan et 

al. (2013) found 52% for GW flow at Western Slovenia (sub-Mediterranean climate, 

rainfall:1446 mm/y), and Schuol et al. (2008) obtained 76-87% for GW flow at Burkina Faso 

(Western Africa, semi-arid climate, rainfall:736 mm/y), and 46-47% for GW flow at Sierra-

Leone (Western Africa, monsoon climate, rainfall: 2219 mm/y). 

From Table 2.4, note that sub-basin A has the highest GW-Footprint due to it having 

significant amounts of agricultural lands, mostly pasture areas for livestock. Conversely, sub-

basin B has the lowest GW-Footprint values due to its having a larger amount of native forest 

land (or less amount of agricultural lands). 

 

 

3.2 Temporal and spatial assessment of Green Water Security 

GW-Scarcity is evaluated by comparing the Potential GW-Footprint to the availability 

of Green water as median of soil moisture. Our results show that this indicator is at less than 

50% throughout the year at all of the scales studied (Figure 2.5). For all of the sub-basins, the 
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levels of GW-Footprint and GW-Scarcity tend to be lowest during the winter season (June - 

August). On the other hand, higher values are seen during the summer and part of the spring 

(October – March) due to significant crop growth during this period. The sub-basin A had the 

highest frequency of GW-Scarcity values between 40% and 50%. Soil moisture ranges agree 

well with literature estimates for ‘Available Water Content’ in similar soil textures (175-200 

mm/m of clay soils; 100-175 mm/m of loam soils; 25-100 mm/m of sandy soils) (FAO, 

1985). 

To evaluate GW-vulnerability, we consider the probability of low water availability 

(30
th

-percentile). Similarly to the scarcity indicator, GW-Vulnerability shows more secure 

levels during drought periods (winter season) (Figure 2.5). The crop growth component of 

SWAT model, called EPIC - Erosion Productivity Impact Calculator (Sharpley and Williams, 

1990), assumes that perennial plants maintain their root systems throughout the year, 

becoming dormant in the winter months, and resume their growth when the average daily 

temperature exceeds the minimum temperature required (Neitsch et al., 2011). So, the lower 

crop water demand during the winter months results in lower GW-Scarcity and GW–

Vulnerability. 

 

 
Figure 2.5 - GW-Scarcity (on the left) and -Vulnerability (on the right) indicators for the Cachoeira 

river basin and each sub-basin studied. On the left it showed graphs with monthly means of rainfall 

(mm) , GW-Footprint (mm month
-1

), and -Provision (mm), where each standard deviation bar was 

obtained using the time series of each specific month. On the right it presented graphs with the 

monthly mean of GW-Footprint (mm month
-1

), 30
th
 percentile of monthly GW-provision (mm) and 

rainfall (mm), where the GW-vulnerability values above 1 correspond to vulnerable conditions. 
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3.3 Temporal and spatial assessment of Blue water security 

We analyze temporal patterns of BW-Provision (streamflow minus EFR) by 

considering several types of monthly flow levels for aquatic ecosystem needs (EFRs). Each of 

the EFR methods provides a different limit on the blue water provision for human use (Wilby 

et al., 2011). The hydrological behavior of the basin during the year is demonstrated by the 

monthly FDCs showed in Figure 2.6A, where the EFR alternatives, mean and median 

streamflow are also plotted. The Q7,10 at basin outlet compromises 27%±11% (mean±standard 

deviation) of monthly mean streamflow at basin outlet, while the EFR for fair, and moderate 

conservation goals (from adapted Smakhtin methodology) rise this value to 55%±6%, 

69%±6%, respectively. The “presumptive standard” method (EFRpresumptive) is calculated using 

the 80% fraction of long-term mean monthly flows, it is therefore the most restrictive and has 

the highest conservation goals. The adapted Smakhtin method for considerably modified 

basins (EFRfair) obtains intermediate values between Q7,10 and EFRmoderate. The minimum flow 

Q7,10 method is the least restrictive, particularly during the summer season. Overall, the 

differences between the probabilistic water provision levels (50th- and 30th-percentiles) 

obtained using the different EFR methods tend to decrease during the dry seasons (specially 

in winter, June-September), indicating that the sensitivity of water provisioning to choice of 

EFR method is larger during the wet season (Figures 2.6B and 2.6C); this is largely due to the 

lower variability of streamflow during the dry season, which is indicated by FDCs of April to 

September. 
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Figure 2.6 - Flow duration curves and EFR estimates for each month of the year (above); and median 

and 30th-percentile of Blue Water Provision considering different EFR methods at the basin studied 

(bottom left and bottom right, respectively). The standard deviation bars were obtained using the 

values set of each specific month. Legend: BW-Provision-Q7,10 (from Low Streamflow method); BW-

Provision-EFRpresumptive (from Presumptive Standard method); BW-Provision-EFRmoderate, -EFRfair 

(from adapted Smakhtin-metodology for EMCs referring to moderate and fair conservation goals, 

respectively); Qmean (long-term mean monthly values for streamflow discharge); Qmedian (long-term 

median monthly values for streamflow discharge). 

 

We analyzed the impacts of EFR methods on blue water availability by estimating 

FWPIquantitative for each month and EFR method, which considers the frequency of river 

discharge being less than EFR. The annual average of FWPIquantitative and standard deviation in 

accordance with the EFR method for the entire basin at the outlet were: 0.79±0.02 

(EFRpresumptive); 0.88±0.04 (EFRmoderate); 0.96±0.01 (EFRfair); and 1.00±0.00 (Q7,10). Longsdon 

and Chaubey (2013) reported FWPI values between 0.50 and 0.70, using the Tennant method 

(30% of long-term average flow) for EFR estimation, and an additional qualitative 

component. 

The FWPIquantitative based on Q7,10 did not provide any significant violation during the 

23-year period analyzed, while the other methods provided a higher frequency of natural EFR 

violation. Such indicators allow us to compare the EFR methods among themselves 

establishing a restrictiveness scale (crescent): Q7,10  EFRfair  EFRmoderate  EFRpresumptive. 
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So, the low values of FWPIquantitative can also be useful for inferring natural reasons (drought) 

for high levels of risk of violating the EFR (by inverse relationship).  

Next, the BW-Scarcity estimates were evaluated in the context of each of the different 

EFR methods (Figure 2.7). Overall, BW-Scarcity, based on current BW-Footprint, is classified 

as being in the range of 0 to 20% for most of the EFR methods, with some exceptions due to 

the extremely low values of BW-Provision obtained using the EFRpresumptive method, as was 

identified by Figure 2.6 and suggested by restrictiveness of FWPIquantitative. Sub-basin A stands 

out as having the highest levels of current BW-Scarcity, which, in line with the green water 

assessment (Figure 2.5), reflects the significant degree of development of the region. The 

lower flows during the dry (winter) season also lead to higher water scarcity classifications, 

contrasting with the green values (GW-Scarcity) which are lower during the same season.  

 

 

Figure 2.7 - BW-Scarcity due to current and critical consumptive water use (BW-Footprint), 

considering different EFR methods at the basin and sub-basins studied. . Legend: BW-Scarcity-Q7,10 

(from Low Streamflow method); BW-Scarcity-EFRpresumptive (from Presumptive Standard method); 

BW-Scarcity-EFRmoderate, -EFRfair (from adapted Smakhtin-metodology for EMCs referring to 

moderate and fair conservation goals, respectively) 

 

Taking account the critical consumption (defined by a statistical measure, half of 

Q7,10), the BW-Scarcity estimates indicate different behaviors at the basin and sub-basin scales 

(Figure 2.7). The sub-basin B resulted in a worse situation than sub-basin A for most of EFR 

methods. In September, the last month of the drought season (April-September), the BW-

scarcity based on critical consumption is greater than 40% for all EFR methods and basin 
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scales. At the basin outlet, the indicators values based on EFRpresumptive resulted in 100% 

during 6 months (including the dry and rainy periods, August-January), while the EFRmoderate, 

EFRfair, and Q7,10 promoted results above 60%, 40%, and 30% from August to November, 

respectively. 

Finally, the restrictive EFR methods (e.g. EFRpresumptive and EFRmoderate), also 

significantly affected the BW-Vulnerability indicator for several months (Figure 2.8) 

considering current and critical water abstractions, the later promoted vulnerable conditions 

in all scales studied during the whole year. In spite of the higher values of scarcity indicator 

for sub-basin A compared to sub-basin B, the former area seems to have lower vulnerability, 

due to different patterns of consumptive use and water abstraction and the difference between 

the statistical measure of water provision for scarcity (50
th

-percentile) and vulnerability (30th-

percentile) estimates. 

 

 

Figure 2.8 - BW-Vulnerability from current and critical water abstractions, considering different EFR 

methods at the basin and sub-basins studied. Legend: BW-Vuln.-Q7,10 (from Low Streamflow method); 

BW-Vuln.-EFRpresumptive (from Presumptive Standard method); BW-Vuln.-EFRmoderate, -EFRfair (from 

adapted Smakhtin-metodology for EMCs referring to moderate and fair conservation goals, 

respectively) 

 

 

3.4 Potentials and Limitations 

The impact of current and critical/future blue and green water footprint components on 

median water resources conditions is accounted by the scarcity indicator, while the 



71 
 

 
 

vulnerability indicator considers the probability of low availability of water resources. 

Consequently, the proposed framework is able to include the effects of changes in amount of 

water use and availability, and thereby provide insight into damage to economic activities and 

ecosystem conditions. Further, the use of a monthly analysis helps to reveal temporal patterns 

in the values of the indicators.  

The provision and use of blue/green water resources can be managed individually or 

jointly while considering irrigated agriculture. Calder (2007) established combinations of 

blue/green variables for indication of opportunities or limitations for expanding land use areas 

associated with high crop water requirements. In cases where the green water provision is not 

sufficient to meet such demand, one must either select rain-fed crops (which can be of 

relatively low-yield), or complementary irrigation by using blue water. So, a land-use decision 

is, in that sense, a water decision as well (Falkenmark and Rockström, 2006).  

While the blue water demand for human activities can also take into account 

groundwater rights, essentially in situations containing strongly connected streams, where 

groundwater consumption can highly influence the availability of surface water, withdrawal 

rights for groundwater use in our study basin are not significant (only around 0.2% total 

volume). We remark, however, that expansion of our framework to consider groundwater 

resources/demand analysis can be complicated by the fact of boundary differences between 

hydrogeologic and drainage basins, and other variables should be incorporated to analyze the 

availability of such resource. Reservoirs also play a very important role as water resources; 

similarly, they can be incorporated into the framework by taking into account variables 

related to the operational rules. 

Further, while the present assessment of surface BW-footprint has focused on the 

water rights database, it should be noted that there are additional insignificant water uses that 

have been recognized by Brazilian water law (n.9433/1997) and the local river basin 

committee, such as the water supplies accessed by small population clusters scattered 

throughout the rural areas. Consequently, it will be necessary to develop a detailed study of 

water abstractions and waste water disposal for those smaller study areas. Such studies must 

also consider the fact that the water rights must be fully exploited by the users, and that such 

rights may be partially or entirely suspended if there is inadequate use for three consecutive 

years (which is intended to discourage speculation by water rights holders, maintain an 

updated water use database, and manage the water rights for multiple users). Future 
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investigation will be necessary to better understand the impacts of uncertainties associated 

with the permits database and the intra-annual variability of blue water use. 

There are, of course, several uncertainties that arise from the use of hydrological-

based EFR methods that do not incorporate direct measures of aquatic life. So, more complex 

methods are recommended when a suitable database is available. In our study area, the more 

restrictive hydrological-based methods are probably more appropriate than the low 

streamflow (Q7,10) method currently employed by Brazilian basin committee, taking into 

account its conservation targets specified in the basin plan. However, in any given 

application, several EFR methods should generally be examined to ensure a proper balance 

between supporting and provisioning ecosystem services, so as to properly consider both the 

societal needs and the desired conservation status of the river. In addition, by analyzing the 

hydrological behavior of study basin, other case-by-case adjustments of the framework can be 

done in regard to the definition of critical probabilistic water provision levels for vulnerability 

estimation, and severity classification of both scarcity and vulnerability indicators values. 

Finally, uncertainties in the scarcity and vulnerability indicators can also arise from 

residual errors in calibration of the hydrological model. In particular, the BW/GW provision 

variables, EFR accounting and GW-footprint can be affected by such uncertainties. In 

ongoing work, a detailed uncertainty analysis of these indicators is being developed to ensure 

better support for decision making. 

 

 

4 Conclusions 

 

 

The blue/green water-based accounting framework presented here provides a new 

arrangement of well-known concepts and methodologies aimed at the assessment of water 

security at the basin scale and at a monthly analysis. To illustrate the approach, we have 

evaluated the water security of one of the basins contributing to the Cantareira Water Supply 

System, which is an important source of water for the city of Sao Paulo. Our findings, 

demonstrated by the BW-Scarcity indicator level, indicate that the levels of current 

consumptive water use have a relatively low impact on median water provision, based on an 

EFR selected for a goal of moderate to high conservation. On the contrary, the critical blue 

water consumption, defined by the basin authorities, can result in significant impacts 

especially during dry periods. 
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As might be expected, the particular choice of hydrological-based EFR method can 

have a significant impact on the evaluation. In the case of our study area, taking into account 

its conservation targets specified in the basin plan, the more restrictive methods are probably 

more appropriate than the low streamflow (Q7,10) method currently employed by Brazilian 

basin committee. In any given application, several EFR methods should generally be 

examined to ensure a proper balance between supporting and provisioning ecosystem 

services, so as to properly consider both the societal needs and the desired conservation status 

of the river. The natural reasons (drought) for risk of violating EFR levels was evaluated by 

the freshwater provision indicator that points out the effect of EFR methods in terms of the 

frequency of monthly mean river discharge being less than EFR. 

To look for patterns of scarcity and vulnerability, we have analyzed the blue and green 

water use against time series and long-term median monthly values of freshwater provision. 

The vulnerability indicator is associated with low water provision flows (30
th

-percentile) and 

water abstractions, while the scarcity indicator considers the mean water provision flows and 

water footprint components. In general, the green water scarcity and vulnerability indicators 

suggest that current conditions in the basin are secure for the development of rain-fed 

agriculture throughout the year. The analysis of blue and green water reveals a distinct 

temporal pattern of water scarcity and vulnerability in the study basin. Blue water indicators 

are highest during the dry (winter) season, while green water indicators are lowest during this 

period. Further, one of the regions (sub-basin A) is found to have very high levels of both blue 

and green water scarcity caused by intensive agricultural and current consumptive water use 

within the sub-basin.  

Future investigation will be necessary to better understand a) the uncertainties 

associated with database and methods using a stochastic approach, b) the effects of climate 

change projections on blue and green freshwater provision, c) the expansion of the framework 

involving other sources of water (groundwater and reservoirs), d) specific analysis of critical 

probabilistic water provision levels for vulnerability estimation and severity classification of 

both scarcity and vulnerability indicators values., and e) the estimates of non-consumptive 

water use provided by the Grey Water Footprint component (the water needed for the 

regulating ecosystem services). 

The blue/green water-based accounting framework proposed here provides a 

comprehensive and relatively simple integration of hydrologic, ecosystem and human needs 

information on a monthly basis. It can be benchmarked at a range of climate conditions, 
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spatial scales, land and water uses, which will be useful to water managers by increasing their 

understanding of how, where and when, and to what level water-related threats to human and 

aquatic ecosystem security arise.  
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3) CHAPTER 3 

ASSESSING UNCERTAINTIES IN SURFACE WATER SECURITY: A 

PROBABILISTIC MULTI-MODEL RESAMPLING APPROACH* 

 

*A modified version of this chapter has been submitted as: Rodrigues, D. B. B., Gupta, H. V., 

& Mendiondo, E. M. Assessing uncertainties in surface water security: a probabilistic multi-

model resampling approach, Water Resources Research. (Journal impact factor: 3.709; Qualis 

CAPES: A1) 

 

Abstract 

Various uncertainties are involved in the representation of processes that characterize 

interactions between societal needs, ecosystem functioning, and hydrological conditions. Here, 

we develop an uncertainty assessment of water security indicators that characterize scarcity and 

vulnerability, based on a multi-model and resampling framework. We consider several 

uncertainty sources including those related to: i) observed streamflow data; ii) hydrological 

model structure; iii) residual analysis; iv) the Environmental Flow Requirement; v) the 

definition of critical conditions for water provision; and vi) the critical demand imposed by 

human activities. We estimate the overall uncertainty coming from the hydrological model by 

means of a residual bootstrap resampling approach, and by uncertainty propagation through 

different methodological arrangements applied to a 291 km² agricultural basin within the 

Cantareira water supply system in Brazil. Together, the two-component hydrograph residual 

analysis and the block bootstrap resampling approach result in a more accurate and precise 

estimate of the uncertainty (95% confidence intervals) in the simulated time series. We then 

compare the uncertainty estimates associated with water security indicators developed using a 

multi-model framework and provided by each model uncertainty estimation approach. The 

method is general, and can form the basis for meaningful support to end-users facing water 

resource challenges by enabling them to incorporate a viable uncertainty analysis into a robust 

decision making process. 

Key-words: HYMOD model; SWAT model; Environmental Flow Requirement; Bootstrap; 

Water Scarcity; Water Vulnerability 
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1 Introduction 

 

 

Opposing trends in water use and water availability lead to concerns about water 

security risks, however such evaluation is complicated by a variety of sources of uncertainty 

in the representations of hydrological processes, and of human and environmental water 

demands. Uncertainty can also arise from expert judgments about the selection of appropriate 

data or analysis methods, and about how to interpret the data and modeling results (Gregory et 

al., 2012). A major challenge faced by water managers arises from the many possible 

combinations and implementation schedules of infrastructure development, supply vs. 

demand management, institutions and policies etc. (Matrosov et al., 2013). Robust strategies 

are necessary for decisions taken under uncertainty, so that they perform well (though not 

necessarily optimally) over a wide range of current and potential future conditions (Lempert 

et al., 2006; Wilby and Dessai, 2010).  

At least four important sources of uncertainty arise when generating streamflow 

simulations using deterministic hydrological models, these being uncertainties due to a) errors 

in the data used to calibrate the model, b) bias and/or imprecision in the parameter estimates, 

c) incomplete or biased model structure, and d) errors in the input data used to drive the 

model (Butts et al., 2004). While a classical approach to quantifying uncertainty is to develop 

predictions in the form of probability distributions, the high degree of nonlinearity and 

complex interactions within a hydrologic system make it difficult to accurately represent the 

joint probability distributions of the uncertainties involved (Liu and Gupta, 2007). Further, the 

challenge of understanding complex systems often gives rise to a multiplicity of alternative 

model structural hypotheses (Clark et al., 2011; Rougier et al., 2013). As a complement to the 

exploration of single-model uncertainties through parameter perturbation experiments, a 

number of papers now explore the assessment of model structural uncertainty by running 

multi-model ensembles that provide sets of model simulations from structurally different 

models and a variety of initial conditions (Tebaldi and Knutti, 2007).  

It has been reported that combining ensemble models outputs can provide more robust and 

informative predictions of system response than are achieved by examining the outputs of 

each model individually (Rougier et al., 2013). For example, multi-model projections are now 

routinely used in long-term climate change studies, and recent reports by the 

Intergovernmental Panel on Climate Change present multi-model results as best guess 

projections (Tebaldi and Knutti, 2007). Because statistical frameworks are essential to 
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quantify the uncertainties associated with an estimate of mean climate change response, the 

“one model, one vote” approach serves as a general way to develop a weighted climate 

projection (Sansom et al., 2013). These projections can then be used to assess uncertainties in 

climate change impacts; for example Wilby and Harris (2006) did so using two hydrological 

model structures weighted by their performance in reproducing annual low-flow series.  

Because the sources of uncertainty are many, a pragmatic approach to operational 

water resources assessment is to employ an empirical evaluation of model output 

uncertainties, thereby considering all relevant sources of uncertainty without the need to 

separate out each error source (Malone et al., 2011). Monte-Carlo sampling methods are now 

widely used, that sample the uncertainty space and run the hydrologic model(s) forward to 

provide an empirical quantification of the uncertainty in the model outputs (Liu and Gupta 

2007). 

Further, empirical construction of a population probability distribution can be 

performed via the Bootstrap technique (Efron, 1979), which employs a method of random 

resampling with replacement (Tasker, 1987), and needs little or no prior assumptions 

regarding the underlying mathematical form of the distribution (Ebtehaj et al., 2010). The 

bootstrap method has been used in a number of hydrological studies including: a comparison 

between low flow methods (Tasker, 1987), evaluation of uncertainties in frequency analysis 

of rainfall and flood extremes (Zucchini and Adamson, 1989; Hu et al., 2013); evaluation of 

uncertainties in streamflow time series (Lall and Sharma, 1996; Vogel and Shallcross, 1996; 

Srinivas and Srinivasan, 2005), developing a sample distribution of optimal parameters during 

calibration (Ebtehaj et al., 2010); evaluation of uncertainties in flow series based on the rating 

curve (Shao et al., 2014); evaluation of uncertainties in rainfall estimates derived from gauge 

observations (Shao et al., 2012); and evaluation of uncertainties in model parameters via 

bootstrapping of model residuals (e.g., Selle and Hannah, 2010; Li et al., 2010; Zhang et al., 

2014). 

In particular, Li et al. (2010) suggest that block bootstrapping of model residuals could 

be helpful in understanding how all of the error sources contribute to the total simulation 

uncertainty. To preserve the stationarity characteristics of the original data, the Block 

Bootstrap method resamples on blocks of consecutive observations, with the optimal block 

size estimated based on an analysis of autocorrelation structure (Hall et al., 1995; Vogel and 

Shallcross, 1996; Politis and White, 2004; Patton et al., 2009), or using probabilistic common 

sense (Lall and Sharma, 1996; Srinivas and Srinivasan, 2005). 
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In this paper, we conduct an uncertainty assessment of scarcity and vulnerability 

indicators that characterize water security conditions (Rodrigues et al., 2014), based on a 

combined multi-model and resampling framework that includes two hydrological models, 

four EFR methods, two methods of model residual analysis (using one- and two-component 

hydrographs), and two methods of model residual bootstrapping (Block and Model-based) to 

assess overall model uncertainty. In addition we account for errors in observed data and 

uncertainties in the definitions of critical levels of water provision and use for human 

activities. The multi-model results were aggregated by weighting them according to their 

individual levels of performance. The approach is demonstrated for a study basin in the 

Southeast of Brazil, close to the Metropolitan Region of Sao Paulo. 

 

 

2 Material and Methods 

 

 

To illustrate our approach for uncertainty assessment of water security indicators 

(Figure 3.1), we investigate an agricultural basin (291 km²), located upstream of the 

Cachoeira reservoir (46°16'18"W 23°1'25"S to 46°6'21"W 22°50'56"S, Figure 3.2), within the 

Cantareira water supply system and the Piracicaba river basin in Brazil. 

 

 
Figure 3.1 - Methodological scheme of the probabilistic multi-model and resampling approach 
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This study basin has significant social relevance for water security studies, because the 

Cachoeira reservoir contributes about 15% of the total water supplied by the Cantareira 

system to about 9 million people in the Metropolitan Region of Sao Paulo (Southwestern 

Brazil) (Whately and Cunha, 2007). In addition, the river basin plan that covers this basin is 

called the Piracicaba-Capivari-Jundiai River Basin Plan, and considers the region as requiring 

“Protection and Control” (PCJ, 2011). 

 

 
Figure 3.2 - Study area represented by Cachoeira river basin (291 km²), which is covered by land use 

map correspondent to reference year 2010. The locations of hydrological gages are shown 

 

 

2.1 Water Security assessment 

Standardized assessments of scarcity and vulnerability can provide a useful basis by 

which societies can increase their water security and better prepare for future conditions 

(Padowski and Jawitz, 2012; Sullivan, 2011). Here, we employ part of the methodology 

proposed by Rodrigues et al. (2014), to demonstrate how a quantitative analysis of the 

probability of surface water ("Blue water") provision and use (abstraction and consumption) 

can be conducted, thereby assessing uncertainty in estimates of water scarcity and 

vulnerability for the aforementioned Brazilian basin.  
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The scarcity indicator evaluates the impacts of water use on median water provision 

conditions, whereas the vulnerability indicator considers the probability of low availability of 

water provision (Rodrigues et al., 2014). Estimates of “blue” water provision for human 

activities take into account the availability of water (in the rivers) for consumptive water use 

(Hoekstra et al., 2011), while satisfying monthly Environmental Flow Requirements (EFR) 

(Eqs. 1 to 3). 

Water Provision (i,x,t) =Q(x,t) – EFR(i,x,t)        (1) 

                       
                       

                              
  

 (2) 

                           
                      

                          
   (3) 

where the Water Provision(x,t) is computed for a specific location (x) and time of the year (t) 

(L³T-1), Q(x,t) is the corresponding daily streamflow in the river (L³T-1), and EFR(i,x,t) is 

the corresponding fraction of river discharge maintained to meet Environment Flow 

Requirements for a specific month of the year and hydrological-based method (indexed by i) 

(L³T-1). Similarly, Water consumption(x,t) represents the consumptive water use for human 

activities at a specific location (sub-basin) and time (month) of the year, and Median Water 

Provision(x,t) takes into account the 50th percentile of Water Provision(x,t) for each EFR 

method (indexed by i) (L³T-1). Finally, Water Abstraction(x,t) is the corresponding sum of 

water permits for abstraction within the basin (L³T-1) , and Low Water Provision(i,x,t)  is the 

low-flow volume of Water Provision at x and t for each EFR method (indexed by i), 

represented by a specific value of percentile of the records (L³T-1).  

In this paper, we assess the uncertainty of estimates of these water security indicators 

via a methodological scheme (Figure 3.1) that considers the uncertainties in simulated 

streamflow time series (steps 1 to 3) and other sources (steps 4 to 6), including EFR methods, 

and definition of critical levels of water use (consumptive and abstraction) and low level of 

water provision. 

Note that the EFR quantifies the amounts of water that must be kept flowing down a 

river to maintain quality, quantity and temporality required to achieve environmental goals. In 

any given application, several EFR methods should generally be examined to ensure a proper 
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balance between supporting and provisioning ecosystem services, so as to properly consider 

both the societal needs and the desired conservation status of the river (Rodrigues et al., 

2014). These values are estimated here by four hydrological-based methods (probability of 

exceedance, fraction of long-term mean, or 7-day 10-year low flow) (Table 3.1).  

 

Table 3.1 - Methods for Evaluating Environmental Flow Requirements 
EFR method Description 

i) EFRpresumptive  80% of long-term mean (Richer et al. 2012) 

ii) EFRmoderate  

iii) EFRfair 

Probability of exceedance in according to conservation goals: Q75% for 

moderate conservation (EFRmoderate, slightly or moderately modified basin, 

with minor water supply schemes or irrigation development); and Q90% for 

fair conservation (EFRfair, considerably modified basin, with multiple 

disturbances associated with socio-economic development) (Smakhtin et al., 

2004; Smakhtin and Eriyama, 2008) 

iv) 7-day 10-year low flow 

(Q7,10)  

Annual average 7-day minimum flow that is expected to be exceeded on 

average in 9 out of every 10 years (Reily and Kroll, 2003). 

 

Water vulnerability and scarcity indicators take into account critical water use values 

(consumptive and abstraction), defined by the Water Resources State Plan reported in the Law 

9034/1994 (Sao Paulo State, 1994) and computed as 50% (fifty per cent) of the current 

reference streamflow (i.e. Q7,10, 7-day, 10-year low flow). Thus, the uncertainties in critical 

water consumption and abstraction are associated with statistical estimates of low streamflow 

(Q7,10). In turn, the uncertainties in definition of critical conditions for estimation of water 

vulnerability indicator are established within the range of 25th to 35th-percentile of water 

provision, which value is randomly sampled. 

 

 

2.2 Hydrological Modeling 

To achieve a practical demonstration of the structural uncertainties associated with 

selection of a hydrological model, we employ two quite different models: the physically-

based semi-distributed Soil and Water Assessment Tool (SWAT) (Arnold et al., 1998) and the 

lumped conceptual model HYMOD (Wagener et al., 2001). While a larger number of models 

could be used, the choice of these two rather different modeling approaches serves to illustrate 

the main aspects of a multi-model assessment. 

 

2.2.1 Soil and Water Assessment Tool (SWAT) model 

The Soil and Water Assessment Tool (SWAT) model was created in the early 1990s, 

and has been continually improved and widely used for hydrological and non-point source 



88 

 

pollution assessment (Gassman et al., 2007). The minimum data required to use this model 

includes a digital elevation model (DEM) to characterize topography, soil properties (in 

different layers), vegetation cover, meteorological (solar radiation, wind speed, maximum and 

minimum air temperature, and relative air humidity) and hydrological (precipitation) time 

series. Various other data can be incorporated for replacing default values with location 

specific ones, and to improve the model accuracy at a specific location.  

The SWAT model uses a basin discretization that partitions the study area into a 

number of subbasins and Hydrologic Response Units (HRUs) that comprise land areas within 

the subbasin having unique land use, soil and slope classes (Neitsch et al., 2011). A 

simulation of hydrological processes is conducted for each HRU, and the output water fluxes 

are routed to the watershed outlet to obtain total streamflow values. Accordingly, the 

hydrological processes are separated into two major divisions, the land phase of hydrologic 

cycle that determines the amount of water delivered to the main channel in each subbasin, and 

the routing of flow through the channel network to the basin outlet (Neitsch et al., 2011). In 

each HRU, the water moves through a sequence of six linear reservoirs that represent 

vegetation cover, snow accumulation and melt, surface storage, soil profile storage, shallow 

aquifer storage, and streamflow, to generate the components of the water balance according 

to: 

SWt=SWo+P-Qsurf-Evt-Wseep-Qgw        (4) 

where SWt is the final soil water content, SWo is the initial soil water content, P is the 

amount of precipitation, Ea is the amount of evapotranspiration, Wseep is the amount of 

seepage water (from the soil profile to vadose zone), Qgw is the amount of groundwater 

contribution to streamflow (return flow). 

Of the many SWAT model parameters, we followed standard practice and selected 13 

of them to calibrate or alter away from their default values (Table 3.2); details regarding the 

calibration process appear in Rodrigues et al. (2014), which also specifies the data sources 

used for inputs to the SWAT model. 
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Table 3.2 - Streamflow‐related SWAT parameter values that were calibrated or changed from their 

default values 

Main parameters function 
SWAT parameter 

Surface water response Soil evaporation compensation  factor ESCO¹ 

SCS runoff  Curve  Number (average soil moisture condition) CN2 

Maximum canopy index (mm) CANMX
2
 

Manning’s value for overland flow OV_N 

Available soil water capacity (mm mm
-1

) SOL_AWC 

Basin response Surface runoff lag coefficient (days) SURLAG
3
 

Manning coeficient for channel CH_N2 

Groundwater response Soil hydraulic conductivity (mm h
-1

) SOL_K 

Delay time for aquifer recharge (days) GW_DELAY
4
 

Groundwater revap coefficient GW_REVAP
5
 

Baseflow recession constant (days) ALPHA_BF
6
 

Fraction of water percolation to deep aquifer (fraction) RCHRG_DP 

 Threshold water level in shallow aquifer for base flow (mm) GWQMN 

Description: ¹Soil evaporation compensation  factor (capacity of the model to extract the evaporative demand 

from soil layers, by inverse relationship); 
2
Maximum canopy index: maximum amount of water that can be 

trapped in the vegetation canopy (mm); 
3
factor to lag a portion of the surface runoff release to the main channel 

(days); 
4
time lag between the time that water exits the soil profile and enters the shallow aquifer (days); 

5
regulates the movement of water from the shallow aquifer to the root zone in response to moisture deficit; 

6
response index of groundwater flow (into the main channel) to changes in shallow aquifer recharge (days);  

 

 

2.2.2 HYMOD model 

The HYMOD model (Boyle, 2000; Wagener, 2001) is a relatively simple spatially 

lumped "rainfall excess" type model, that has been shown to provide reasonable simulation 

results while being computationally very fast, having a minimal requirement for input flux 

data (precipitation and potential evapotranspiration time-series), and requiring calibration of 

only five parameters (Table 3.3). The model has been widely used in studies related to climate 

change impacts, assessment of methods for model calibration, uncertainty analysis, data 

assimilation, and many others (e.g., Vrugt et al., 2005, Moradkhani et al., 2005, Bastola and 

Misra, 2013; Gong et al., 2013; Chen et al, 2013). In brief, the model uses a nonlinear tank 

(soil moisture component) to generate rainfall excess, connected with two parallel series of 

linear tanks (for quick and slow responses) to rout the flow to the basin outlet (Bastola and 

Misra, 2013). The streamflow output is the sum of slow and fast components, while actual 

evapotranspiration is crudely simulated as the minimum of potential evapotranspiration and 

soil moisture. The data sources for HYMOD inputs are described in Rodrigues et al. (2014); 

this data was aggregated to lumped scale via weighted-averaging by HRU area.  
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Table 3.3 - Parameters of Hymod model 

Parameters Description 

Huz Maximum height of soil moisture accounting tank (mm) 

B Distribution function shape parameter 

Alpha Quick-slow split parameter 

Nq Number of quickflow routing tanks 

Kq Quickflow routing tanks rate parameter   

Ks Slowflow routing tanks rate parameter    

 

The HYMOD model was calibrated to basin outlet streamflow using a multiple-

criteria Sub-Period calibration approach, in which the model performance was tested on a 

number of different periods, so that the selected parameter sets are consistent across 

individual sub-periods (Gharari et al., 2013). 

 

 

2.2.3 Analysis of hydrological models performance 

Both hydrological models were used to simulate the basin response for the 15-year 

period 1987 to 2001, using the previous year (1986) for model warm up (initialization of 

model state variables). The calibration period was selected as being the most undisturbed 

possible condition (Van Loon and Van Lanen, 2013) using observed time series from Jan 1st 

1987 (Julian day 1) to Dec 31st 1995 (Julian day 365) and without including any water 

abstractions. Model performance was then evaluated for the 6-year period Jan 1st 1996 (Julian 

day 1) to Dec 31st 2001 (Julian day 365). Progressive parameter adjustments were made to 

achieve the performance criteria thresholds recommended by Moriasi et al. (2007); i.e., Nash-

Sutcliffe Efficiency coefficient (NSE) > 0.5; Percent Bias statistic (PBIAS) < ±25; coefficient 

of determination (R²) > 0.5, in addition to seeking a minimum value for Mean Squared Error 

(MSE) and its components (Appendix A, Eq. A1) (Gupta et al., 2009).  

Figure 3.3 shows performance evaluation measures for the one-component hydrograph 

analysis in which the model-simulated and observed streamflow amounts are compared. The 

simulation performance achieved by the two models is typical of that reported in the 

literature. However, whereas the two models achieve similar values for R2, NSE and adjusted 

linear correlation coefficient, the SWAT model generally has a smaller percent bias.  

Considering that the uncertainty in model simulation can be larger during the flood 

season than during the dry season (Zhang et al., 2014), a two-component hydrograph analysis 

was conducted in which the streamflow is partitioned into quick (runoff) and slow flow 

(baseflow) fractions, using the “local-minimum method” filtering methodology (USGS 

HYSEP program, Sloto and Crouse 1996). The baseflow component is associated with 
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groundwater discharge that enters the stream, and is defined as water that sustains flow in a 

river during low-flow time-periods (Miller et al., 2014), while the runoff time series is defined 

as the component that flows above the soil surface during and/or shortly after events 

(Hugenschmidt et al., 2014). Observed and simulated time series of each hydrograph 

component (baseflow and runoff) were generated, then compared as showed by correlation 

graphs at the bottom of Figure 3.3. As might be expected, baseflow simulations provided by 

both models are generally better than the runoff simulations. 

 

Period of  

analysis 

Hydrological 

Model R
2
 RSR NSE 

NSE  

(based on 

lnQ) MSE 

Adjusted 

linear  

correlation PBIAS (%) 

Variability  

error (%) 

Calibration  

(1987-

1995) 

SWAT 0.65  0.66  0.56 0.52  5.52  0.8  3.46  -8.42  

HYMOD 0.56  0.71  0.49  0.61  6.37  0.75  -9.15  4.57  

Evaluation  

(1996-

2001) 

SWAT 0.79  0.49  0.76  0.73  4.29  0.89  -9.6  2.54  

HYMOD 0.69  0.66  0.57  0.41  7.9  0.83  -26.92  15.82  

 
Figure 3.3 - Statistics for model performance with regards to daily streamflow (above) and scatterplot 

graphs for the calibration and evaluation periods (below) 

 

 

2.3 Uncertainties in Streamflow Observed data and Hydrological Modeling 

2.3.1 Estimation of uncertainty boundaries of measured data 

In examining the residuals of the hydrological models, we take into consideration the 

random errors resulting from the streamflow measurement process, derived from direct 

discharge measurements and information regarding construction of the rating-curve (that 

converts water levels to discharge rates). The uncertainty review provided by Harmel et al. 

(2006) was used to infer the uncertainty of streamflow measures associated with two sources: 

the 'velocity-area method' for direct discharge measurements (Sauer and Meyer, 1992); and 

the 'stage-discharge relationship' (or rating curve) for considering shifting channel beds, both 

of which are approximately ±20% (for poor conditions). 
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These potential sources of error in the streamflow data were combined to produce a 

more realistic estimate of the overall error (Harmel et al., 2006). Taking into account that 

these errors sources are independent (no covariance between them), typically bi-directional, 

and non-additive, we used the method of moments, derived from a first order approximation 

of the Taylor series expansion described by the equation (Refsgaard et al., 2007) (Eq. 5).  

        
    

    
      

   
                 (5) 

where Ep is the probable range in error; n is the total number of potential errors; E1 to 

En are the different potential sources of error. 

The results of the error propagation (Ep) analysis were used to define the lower and 

upper uncertainty bounds on the streamflow measurements (LowerObs and UpperObs) (Eqs. 

6 and 7). Then, these measurement data uncertainty boundaries (probable error ranges) were 

incorporated into a more accurate evaluation of model residuals, as suggested by Harmel and 

Smith (2007) (see section 2.3.2).  

LowerObs(t)= Obs(t) (1 - Ep)         (6) 

UpperObs(t) = Obs(t) (1 + Ep)         (7) 

where Obs(t) is observed data values, the UpperObs(t) is the upper boundary of 

probable error range of observed data, and LowerObs(t) is the lower boundary of probable 

error range of observed data.  

This probable error ranges of observed values was determined for both streamflow 

time series (one-component hydrograph), and each of the baseflow and runoff fractions (two-

component hydrograph). Results for the first case are displayed in Figure 3.4. 

 

 
Figure 3.4 - The streamflow output values simulated by the SWAT and HYMOD models (black) 

overlayed on the probable error range of the observed data (red) 

 

 

2.3.2 Estimation of Model Residuals 

In lieu of the traditional method for model residual estimation (where the residual is 

defined as 'Observed values' minus 'Simulated values') we follow the method of Harmel and 
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Smith (2007) which uses the ‘probable error ranges’ computed from the measured data to 

conduct a more meaningful evaluation of residuals associated with model inadequacies, as 

shown by the equations 8 to 10. 

ε(t)=0, if LowerObs(t)≤Y(t)≤UpperObs(t)        (8) 

εupper(t)= Y(t) - UpperObs(t), if Y(t)> UpperObs(t)       (9) 

εlower(t)= Y(t) - LowerObs(t), if Y(t)< LowerObs(t)       (10) 

where ε(t) is defined as the model residual for each time step (t = 1; ... ; n), and Y(t) is the 

value simulated by the model. 

For each methodological arrangement employed, we estimate the streamflow residuals 

(using one-component hydrograph analysis) or baseflow and runoff residuals (using two-

component hydrograph analysis). Then, the upper and lower boundary, model residuals 

εupper(t) and  εlower(t), are converted to relative values using Equations 11 and 12, and then 

converted to positive values (centered on 1.0) by adding one unit as shown in Equations 13 

and 14. 

εupper-relative(t)= εupper(t) / UpperObs(t), (εupper-relative(t)>0)      (11) 

εlower-relative(t)= εlower(t) / LowerObs(t), (εlower-relative(t)<0)      (12) 

εupper-factor(t) = εupper-relative(t) +1, (εupper-factor(t)>1)        (13) 

εlower-factor(t) = εlower-relative(t) +1, (0<εlower-factor(t)<1)        (14) 

 

2.3.3 Bootstrap of Hydrograph Residuals  

Next, the uncertainties associated with simulated streamflow are estimated by 

bootstrapping the model residuals. Assuming the residuals to be independent and identically 

distributed (or at least exchangeable) (Chernick, 2008), an empirical residual uncertainty 

distribution is generated at each time step as follows:  

i)  Create a new residual series, ε*(t), by bootstrapping – by randomly resampling N 

times with replacement from the aforementioned original set of model residuals, ε(t), (we use 

N=1000);  

ii)  Create N synthetic streamflow time series, Y*(t), by multiplying the new residual 

series, ε*(t), to the original model streamflow simulation, Y(t);  

iii) Use the N synthetic time series, Y*(t) to define the empirical probability distribution at 

each time step of the simulated streamflow series. 

These steps are repeated separately for the model residuals obtained from the one- and 

two-component hydrographs, by employing two different bootstrap methods -- Model-based 

(MB) and Block (BB). In the latter case, the block sizes are estimated using the methodology 
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of Politis and White (2004) (as improved by Patton et al. (2009)) that returns an estimate of 

the optimal stationary block size. 

Having generated the N synthetic streamflow time series, the empirical probability 

distributions at each time step are used to estimate the 95% confidence intervals of simulated 

streamflow using the percentile method. The 1-α (95%) confidence interval is defined by the 

α/2 (2.5th) and 1-α/2 (97.5th) percentiles of the bootstrap distribution of a statistic (Zucchini 

and Adamson, 1989; Efron and Tibshirani, 1993). 

We analyze the overlapping estimates (in terms of percentage area and occurrence 

period) of the uncertainty bounds on the observed and simulated streamflow time series, 

where the latter are obtained by combining the uncertainties associated with the two 

hydrological models, use of one- or two-component hydrographs for residual analysis, and 

bootstrap methods (Block and Model-Based). The variability of simulated streamflow ranges 

is evaluated via quantification of water volume covered by their uncertainty bounds. 

 

 

2.4 Uncertainty propagation through Water Security indicators  

Using the ensemble of N synthetic time series generated as above, we next estimate 

the uncertainty distributions of the scarcity and vulnerability surface water security indicators 

presented in Section 2.1 (see also Rodrigues et al. (2014)). From these distributions, the 95% 

confidence interval uncertainty bounds of the water security indicators are computed using the 

percentile method, and then combined using weighted-average aggregation for each of the 

combinations of bootstrap method (Model Based and Block) and hydrograph analysis (one- or 

two-component). The weights are computed to be proportional to model performance as 

measured by their adjusted correlation coefficients (Appendix A, Eq. A2) computed for the 

combined calibration/evaluation period (1987-2001) (SWAT, radj = 0.84; and HYMOD, radj 

= 0.78), as suggested by Wilby and Harris (2006). 

 

 

3 Results and Discussion 

 

 

We first examine the overlap of uncertainty boundaries computed for the observed and 

simulated streamflow time series (Figure 3.5). Note that each estimate (in terms of area 

percentage or occurrence period) represents a different combination of bootstrap method 
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(Block or Model-Based), hydrological model (SWAT or HYMOD), and use of one- or two-

component hydrographs for residual analysis. 

Of the two bootstrap methods, the Block Bootstrap (BB) method provided a narrower 

95% Confidence Interval (95% CI) for the simulated time series, as indicated by water 

volume contained within its bounds (Figure 3.5). The combination of BB method and the two-

component hydrograph residual analysis generated more accurate results (3rd column, Figure 

3.5) than the use of BB and the one-component hydrograph (1st column, Figure 3.5), as 

shown by the overlapping values between observed and simulated uncertainties. 

The observed-to-simulated overlap and the width of the 95% CI is also sensitive to 

structural differences in the hydrological models. In all of the combinations studied, the 

uncertainty ranges (indicated by the water volume) of the SWAT model simulation were 

narrower than the ones obtained using the HYMOD model, consistent with the fact that 

SWAT is a more physically/conceptually realistic model. However, despite the relative 

simplicity of HYMOD its performance is surprisingly similar to SWAT (see also Figure 3.3), 

and in all cases HYMOD provided higher values of the overlap area between observations 

and simulations, while SWAT obtained higher frequency of such coincidence in most of the 

cases (Figure 3.5). 

 

 

Figure 3.5 - Uncertainty bounds of observed (red) and simulated (grey) streamflow time series during 

the calibration and evaluation periods (1987-2001) for a specific methodological arrangement that uses 

the two-component hydrograph and block bootstrap method (above). Overlapping values, in terms of 

area and period of time, between both time series ranges and water volume within simulated 

streamflow range (95% confidence interval) according to each methodological arrangement analyzed 

(below) 

Methodological arrangement 

One-comp. 

hydrograph/ 

Block Bootstrap 

One-comp. 

hydrograph/ 

Model-Based 

Bootstrap 

Two-comp. 

hydrograph/ 

Block Bootstrap 

Two-comp. 

hydrograph/  

Model-Based 

Bootstrap 

HYMOD model 

Overlapping area (occurrence 

period) 

(Volume within 95% Conf. Interv.) 

28% (60%)  

(~1.5 km
3
) 

72% (79%) 

(~3.4 km
3
) 

55% (82%) 

(~2.5 km
3
) 

71% (97%) 

(~2.9 km
3
) 

SWAT model 

Overlapping area (occurrence 

period) 

(Volume within 95% Conf. Interv.) 

27% (74%)  

(~1.1 km
3
) 

55% (94%) 

(~1.5 km
3
) 

51% (88%) 

(~1.8 km
3
) 

68% (96%) 

(~2.0 km
3
) 
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The cases involving the BB method used different block sizes of resampling residuals 

for the one- or two-component hydrograph methods (Table 3.4). Notably, for both 

hydrological models, the block size of the streamflow residuals (used in the one-compoment 

hydrograph method) was very similar to that of the baseflow residuals, and was significantly 

larger than the block size of the runoff residuals (used in the two-component hydrograph 

method). This can be explained by the large contribution of baseflow to streamflow and the 

high sensitivity of runoff to occurence of rain events. 

 

Table 3.4 - Block lengths used in methodological arrangements involving block bootstrap 

Methodological arrangement 

One-compoment hydrograph/ 

Block Bootstrap 

Two-component hydrograph/ 

Block Bootstrap 

HYMOD model 166 days 

Baseflow: 166 days; Runoff: 44 

days 

SWAT model 141 days 

Baseflow: 148 days; Runoff:44 

days 

 

To assess the uncertainties of hydrological model parameters, Selle and Hannah 

(2010) investigated two different block lengths (3 and 24 months) to perform a model residual 

bootstrap analysis, and found remarkably similar uncertainty parameters ranges (95% CI) for 

both the MB and BB methods. In contrast, Zhang et al. (2014), who used a different model, 

found narrower parameter uncertainty boundaries (95% CI) for the 3-month BB compared to 

the MB. In our work, the BB method resulted in narrower ranges for the 95% CIs of EFR 

methods, water scarcity and vulnerability indicators (Figures 3.6 and 3.7).  
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Figure 3.6 - Confidence intervals of Environmental Flow Requirements in accordance with two 

hydrological models and different methodological arrangements to estimate the uncertainty 

boundaries. Legend: EFRpresumptive (blue), EFRfair (pink), EFRmoderate (green), Q7,10 (grey) 

 

The number of hydrograph components (one or two) used in residual analysis had no 

significant impact on EFR and the water security indicators values. However, the results were 

greatly influenced by the choice of hydrological model. The HYMOD model provided larger 

and more variable values for EFR, and consequently for the corresponding water use 

estimates (based on 50% of Q7,10, Figure 3.6) and water provision levels (calculated from 

EFR estimates, Eq. 1), thereby affecting the scarcity and vulnerability results (Figure 3.7).  

Similar to the temporal pattern obtained by Rodrigues et al. (2014) when conducting a 

deterministic estimation of water security indicators, the weighted-average water scarcity 

indicator resulted in higher values predominantly during September, while the vulnerability 

estimates were highest (range 0.75 to 1) during September to November.  

In general, the weighted-averages of the water security indicators produced values 

close to estimates using the EFRfair method (that uses monthly Q90% seeking fair 

conservation goals for a considerably modified basin with socio-economic development). 

Considering that the analysis of EFR methods involves a range of environmental conservation 

goals, our results indicate the EFRfair method to be the most robust alternative for basin 

decision-making. 
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Figure 3.7 - Confidence intervals of Water Scarcity (above) and Vulnerability (below) indicators in 

accordance with methodological arrangements. Legend: indicator results using EFRpresumptive (blue 

color), EFRfair (pink), EFRmoderate (green) , Q7,10 (grey), average indicator range (yellow). 
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4 Discussion & Conclusions 

 

 

Science-based advice to decision makers must incorporate information regarding 

uncertainty about the results (Prudhomme and Davies, 2009). Madani et al. (2014) comment 

that responsible and comprehensive decision making analysis must inform the stakeholders 

about the effects of the involved uncertainties on the selected decision and its risk of failure. 

The integrative framework proposed here has addressed some of the uncertainties discussed by 

Rodrigues et al. (2014) providing a relatively simple and operationally practical approach to 

assessing the imprecision in water security indicators caused by uncertainties in and among the 

models/methods used for such estimation. Consequently, the approach provides a range of 

probable values (associated with a chosen degree of confidence), instead of deterministic 

values, for the decision variables of interest. 

Yevjevich (1972) emphasizes that since there are no pure deterministic hydrologic 

processes in nature, hydrological behavior cannot be fully understood and properly applied 

without the extensive and combined use of stochastic methods of analysis. The decision 

regarding whether stochastic or deterministic processes dominate is largely a matter of 

specifying the time horizon and scale of the prediction (e.g. long horizons of prediction are 

inevitably associated with high uncertainty) (Koutsoyiannis, 2010). The outcomes from an 

uncertainty analysis are stochastic, but clearly depend on the assumptions made about the nature 

of the uncertainties and their interactions (Shaw et al., 2010).  

We present here a probabilistic framework for assessing the uncertainties in estimates of 

water security indicators caused by uncertainties in data, methods and models, and expert 

judgments. The framework is based on a multi-model approach that is able to evaluate model 

uncertainty and generate ensemble predictions via consideration of multiple plausible models 

(Mattot et al., 2009), and a resampling-based uncertainty analysis (Mattot et al., 2009) that 

propagates the uncertainty represented by the model residuals into assessments of water security 

indicators. The subjective choice of an EFR method depends on how the equilibrium levels for 

specific situations are selected, taking into account river uses by the local population and the 

river conditions considered acceptable by them (O’Keefe et al., 2009). Similarly, decisions 

regarding hydrological modeling depend on hydrological judgment, considering aspects of 

model adequacy and data availability. Of the methods investigated here, the two-component 
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hydrograph residual analysis and Block Bootstrap method generated more accurate and precise 

uncertainty ranges (95% confidence interval) around the model-simulated time series.  

In the context of management for water security, it is important to recognize that there 

are generally a large number of uncertainty sources that can be considered, including those 

related to various aspects of the interactions between societal needs, ecosystem functioning, and 

hydrological conditions. As a practical matter, and given limitations of time, budget, and 

technical capabilities, it is important that an uncertainty method be suitable for practical 

application (Gregory et al., 2012). This study has provided a relatively simple approach by 

which the work of Rodrigues et al. (2014), which provides deterministic estimates of water 

security indicators, can be extended to obtain an assessment of the imprecision in such 

indicators due to uncertainties in and among the models/methods used.  

This approach can be readily incorporated into a 'Robust Decision Making' approach, 

that considers many plausible uncertainties, including those due to uncertain model inputs and 

parameters, alternative views of the future, and hypotheses regarding system structure (Lempert 

et al., 2006). While uncertainties associated with projecting impacts of climate change on runoff 

are increasingly well recognized, the difficulties involved in translating these uncertainties to 

water security have received much less attention (Paton et al., 2013). Our approach can be 

easily extended to explore the effects of future aspects and other multi-model/resampling 

techniques, such as: i) stationary and non-stationary climate and ii) water demand scenarios; iii) 

multiple climate data sources (e.g. Bressiani et al., 2013, in press), iv) natural variability of 

precipitation data (e.g. Prudhomme and Davies, 2009); and v) use of complementary techniques 

of hydrograph separation (e.g. Cartwright et al. (2014)). Being both general and practically 

applicable, the approach can therefore form the basis for meaningful support to end-users facing 

water resource challenges by enabling them to incorporate a viable uncertainty analysis into a 

robust decision making process. 

 

 

Appendix A 

 

 

MSE = 2 . σs . σo . (1-r) + (σs - σo)
2
 + (µs - µo)

2
        (A1) 

where σs, σo = standard deviation of the simulated and observed values; µs, µo = mean of the 

simulated and observed values; r = linear correlation coefficient     
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         (A2) 

where N= sample elements 
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GENERAL CONCLUSIONS 

 

 

The research steps developed along this doctoral thesis discusses a number of 

conceptual and accounting aspects to contribute to water security assessment. 

In the first chapter, the study indicates that the American system could potentially 

benefit from some of the principles present in Brazilian framework, including a) participatory 

approach involving government, users, and citizens, b) recognition of the economic value of 

water, and c) prioritization of drinking water supply during shortage times. In turn, the 

Brazilian system could be benefited from certain characteristics of American water 

management, including reduced bureaucracy and a more efficient decision and operation 

process. Interestingly, both countries have found it useful to employ soft-path solutions to 

ensure system adaptability to future water demand and supply, including the use of water 

bank mechanisms and water rights transfers to supplement physical water transfer operations. 

The second chapter, in turn, concludes that the Blue/Green water-based accounting 

framework proposed here provides a comprehensive and relatively simple integration of 

hydrologic, ecosystem and human needs information on a monthly basis. It can be 

benchmarked at a range of climate conditions, spatial scales, land and water uses, which will 

be useful to water managers by increasing their understanding of how, where and when, and 

to what level water-related threats to human and aquatic ecosystem security arise. Further 

investigation is suggested to better understand i) the uncertainties associated with database 

and methods using a stochastic approach, ii) the effects of climate change projections on blue 

and green freshwater provision, iii) the expansion of the framework involving other sources of 

water (groundwater and reservoirs), iv) specific analysis of critical probabilistic water 

provision levels for vulnerability estimation and severity classification of both scarcity and 

vulnerability indicators values., and v) the estimates of non-consumptive water use provided 

by the Grey Water Footprint component (the water needed for the regulating ecosystem 

services). 

The third chapter incorporates an uncertainty analysis based on multi-model and 

resampling approaches that can provide feasible support to end-users facing water resource 

challenges and robust decision making process. This stochastic framework is sufficiently 

general while being practically applicable, and can be extended to explore the effects of future 

aspects and other multi-model/resampling techniques, such as: i) stationary and non-stationary 
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climate and ii) water demand scenarios; iii) multiple climate data sources and iv) natural 

variability of precipitation data by resampling technique; and v) incorporation of the next 

steps of 'Robust Decision Making', including robust adaptation measures.  

The process of elaboration of the chapters in format of papers promoted great 

advances in the methodological delineation and discussion aspects, due to the cooperation of 

co-authors, and constructive criticisms from the high-level journals reviewers. 

 


