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SUMMARY 

Hydrologic uncertainties and risks play an important role in the management of water 
resources. These uncertainties and risks are expected to increase under exploding demands 
and climate change. In the handling on these uncertainties it is necessary to use a multi-
disciplinary approach with active stakeholder involvement. This is particularly relevant in 
Latin America which faces significant challenges in the sustainable management of its water 
resources. In this paper those challenges are addressed and possible solutions are presented 
that emphasize sustainability of the water resources. Strategies for sustainable development 
depict a learning transition from uncertainty analysis to uncertainty management, encouraging 
new rules, attitudes and scenarios capable of being profited in water problems. 

CHALLENGES 

NEEDS IN LATIN AMERICA 

Latin America is well endowed with fresh water resources, and vast and diverse freshwater 
ecosystems. However, there are extreme variations in availability within and among countries. 
Due to rapid population growth and trends in urbanization, tourism, rural development, and 
other developments, water withdrawals in South America, for example, are expected to 
increase by 70 percent by the year 2025 (García and Valdés, 2000).  Increased demand means 
that surface and ground water resources as well as coastal areas, especially in small island 
states, will suffer from increased pollution, increased conflicts between competing uses and 
between these uses and the environment (García, 1998). As a result, the region’s freshwater 
ecosystems are also under increasing stress (Bucher et al. 1997). To further complicate the 
issue there are considerable uncertainties on the availability of water, both in quantity, and in 
the demands, present and future, of water.  In addition climatic change poses also 
uncertainties in its magnitude and its impact on water resources, both mean values and 
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variability. For example a study of the precipitation registries in the United States from 1900 
to 1994 indicates that in the majority of the seasons average and extreme precipitation 
increased (Karl and Knight 1998, Karl et al 1995). However regarding streamflows in the US 
Lins and Slack (1999) conducted a similar study, but the results were not conclusive. The 
authors mention that there is no good physical reason to explain the divergence between 
precipitation and streamflow patterns other than sampling bias. This bias can be due to the 
difference in the area coverage of the streamflows study with the area studied by Karl and 
Knight. Pielke and Downton (1999) argue that the trends in extreme hydrologic floods are not 
as large as the increase in the vulnerability of society to these extreme events.  

Thus anyone trying to predict what may happen or be observed in the future, especially the 
distant future, knows such predictions are at best risky, possibly uncertain, and subject to all sorts 
of surprises we cannot even imagine.  Thus, all impact predictions entail some element of risk 
and uncertainty.  Most of the literature defines as risks are usually measured by the probabilities 
that can be assigned to the likelihood of occurrence of an undesirable event (Ang & Tang, 
1984).  Uncertainty describes a situation where little is known about future impacts.  Either no 
probabilities can be assigned to definite outcomes, or in fact the outcomes could be so novel that 
they cannot even be anticipated, i.e., they are subject to surprises.  An additional term is 
vulnerability.  The World Bank defines risk, risk exposure, and vulnerability as follows.  “Risk 
refers to uncertain events that can damage well-being—the risk of becoming ill, or the risk 
that a drought will occur. The uncertainty can pertain to the timing or the magnitude of the 
event. For example, the seasonal fluctuation of farm income is an event known in advance, 
but the severity is not always predictable. Risk exposure measures the probability that a 
certain risk will occur. Vulnerability measures the resilience against a shock—the likelihood 
that a shock will result in a decline in well-being”(World Bank, 2001). 

 
NATURAL HAZARDS 

Natural hazards have had a lethal and destructive impact in the region. Of the total number 
of registered events between 1900 and 1998, 66 percent were weather or climate related: 34 
percent due to floods, 5 percent due to droughts, 2 percent wildfires and 25 percent wind 
related (OFDA/CRED, 1999). Over the last 100 years, millions of people have been directly 
and indirectly affected as their housing, sources of income and communities were damaged or 
destroyed (IDB, 2000). For example, estimates of damages caused by hurricane Mitch in 
Central America totaled 6 billion USD in 1998, the equivalent of 16 percent of last year’s 
GDP (Gross Domestic Product), 66 percent of exports, 96.5 percent of gross fixed capital 
formation and 37.2 percent of the total external debt (IDB 2000). Before hurricane Mitch, the 
Central America’s projected GDP growth for the years 1999 to 2003 was 4.3 percent per year. 
Instead, it is now estimated that it will be only 3.5 percent, or 1.2 points lower than would 
otherwise have been (ECLAC 1999).  As measured by the GDP the losses in Argentina: 1991 
floods were $1.2b, (~1% GDP); in Venezuela the 1999 mud flows caused $3.2b of damages, 
(3.3% GDP), and in Honduras: 1998 Mitch hurricane caused losses of approximately $ 4b 
(~100% GDP). 
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Damages associated with floods are easier to assess than the diverse economic and 
environmental impacts of droughts (Valdés et al. 2000). Droughts are regional phenomena 
and the related vulnerability involves both the risk of experiencing certain meteorologic 
conditions and the sensitivity of various socioeconomic and environmental systems to 
droughts. In Latin America, the impacts of droughts have been felt in agriculture, municipal 
and domestic water supply, hydropower generation and transportation. The economic losses 
associated with these phenomena have not been evaluated as thoroughly as those related to 
floods, but there are some efforts ongoing in this direction since the last Niño events, such as 
those by the United Nations Economic Commission for Latin America and the Caribbean 
(ECLAC) and the Inter-American Development Bank (IDB 1999). An idea about how 
important these impacts could be, may be obtained by considering that the Panama canal, an 
international waterway of global importance, operates based on the water supply from its 
contributing watershed and drought effects from events such as El Niño, may impose 
restrictions in its operations (García and Valdés, 2000). The Inter-American Development 
Bank has presented an action plan for facing the challenges of natural disasters in Latin 
America and the Caribbean (IDB, 2000). 

 
MANAGEMENT UNDER UNCERTAINTY AND RISK 

Management under uncertainty and risk is a systematic process being used to deal with risk 
and other uncertainties when formulating policy options and assessing their various impacts and 
ramifications.  This is a complex process due to the fact that it encompasses many disciplines and 
it affects at all levels, from individual to societal, in the planning, development, design, operation 
and management of water resources systems. 

 
STEPS IN RISK-BASED DECISION MAKING 

The following steps should be followed in risk-based decision making. 
Assessment of risk: Risk assessment has two different aspects: one of determining the 

hazard associated with a potentially harmful extreme event (usually handled by hydrologists), 
and the second one of determining the consequences: damages, loss of lives etc. caused by the 
extreme events. These last one are based on economic considerations, thus involving water 
resources planners or economists. 

Mitigation of risk: this is most well know step with structural and non-structural measures. 
Transfer of Risk: 50% of costs in natural catastrophes in developed, 2% in developing 

countries are paid by insurance companies. One example in Latin America is Argentina where 
since 1957 have had 11 significant floods, 4 with direct losses larger than $1b each 
(1983,1985,1988,1991).  Argentina is among 18 countries with losses larger than $3b and 
among 14 countries (7 developing nations) with flood risks >1% GNP.  In Latin America only 
Ecuador has larger risk as % of GNP.  In Argentina a significant part of flood losses are borne 
by the government.  Freeman (2000) proposes insurance mechanisms for developing countries 
in which the individuals do not have the means and/or knowledge to seek insurance and the 
insurance industry is not completely developed for this kind of insurance. 
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FACING THE CHALLENGES 

To address these challenges there is need for a comprehensive approach by water resources 
managers. To manage water resources more effectively, a balanced set of policies and 
institutional reforms that will both harness the efficiency of market forces and strengthen the 
capacity of governments to carry out their essential roles should be sought. A comprehensive 
framework for analyzing policies and options would help guide decision-makers in managing 
water resources and solving the uncertainties and risks associated.  The framework should 
facilitate the consideration of relationships between the ecosystem and socioeconomic 
activities in a river basin and provide the underpinnings for formulating public policies on 
regulations, incentives, public investment plans, water conservation and reuse, environmental 
protection, and the inter-linkages among these. The next sections present proposals in these 
directions. To cope with hydrologic uncertainties, not only multidisciplinary strategies but 
even sustainable development should be together approached. 

 
MULTIDISCIPLINARY STRATEGIES 

One pathway to cope with hydrologic uncertainties through multidisciplinary strategies is 
to invest in relating water management principles to actions.  

For instance, the Water World Vision (2000) summarizes water management principles 
like (1) decisions must be participatory, technically and scientifically informed and at the 
natural units by which nature manages water: the basin, the catchment as well as the 
watershed,  (2) technology can and must change radically in order to adapt to the needs of the 
more water-conscious world, in short, this requires behavioral changes at all levels of society, 
(3) institutional and technological innovations and changes will not come about unless water’s 
economic, social, environmental, and political dimensions are adequately taken into account, 
and (4) bring about changes of the magnitude needed will require enormous funding, 
appropriately mobilized and targeted. Likewise, the IAHS Symposium of Regional 
Management of Water Resources launched in Maastricht 2001 (Schumann et al 2001) 
proposes actions in water management through: lessons learned for past management 
practices, sustainable regional water management for conflicting interests and tools for water 
resources management. As a concept, the Integrated Watershed Management (IWM) could be 
easily visualized as a conjunct of attitudes which work under more holistic and 
comprehensive rules of converting, with feedback, a conjunct of water management 
principles, PWM, into a conjunct of water management actions AWM in a water-based unit: the 
basin, the catchment or the watershed, through the expression:  

 
PWM {principles} ⇔ IWM {attitudes} ⇔ AWM {actions}     (1), 
 

where the bi-directional symbol in (1) expresses that principles and actions must be ruled 
through IWM in order to attain feedback across water-based units. It is worth noting that 
IWM is a management concept, thereby regarding holistic and comprehensive rules in the 
form of policy criteria, either qualitative or quantitative. Examples are provided as follows. 
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EXAMPLE 1: CONTEXTS UNDER INTEGRATED WATERSHED MANAGEMENT 

Problem: To model and manage basins, IWM is however constrained by hydrologic 
uncertainty and hydrologic scaling. How do scaling and uncertainty could be treated together 
for IWM ?  

Proposal: Figure 1 heuristically shows uncertainty and scaling through contexts (boxes) 
and categories (terms). In general, scaling and uncertainty address science paradigms in the 
multidisciplinary background of IWM (disciplinary context). For that, hydrologic concepts 
are continuously confronted in a dialectic form, both qualitative and quantitative, because of 
IWM tran-scientific questions (conceptual context). To answer them, it is required the 
development of scientific and societal needs for IWM (historical context) towards 
sustainability. The disciplinary context of Figure 1 relates representative domains, their 
diversity and their transfer of information (i.e. up-scaling, down-scaling, uncertainty 
recognition, etc.). The conceptual context provides the cumbersome problem for hydrologic 
disciplines and for IWM, due to the existence of qualitative-quantitative aspects, i.e. when 
attempts are made on distributed (that account for spatial variability in inputs, processes and 
outputs) and lumped (that represent the system or grid as being spatially homogeneous with 
regard to inputs and parameters) models. The historical context is formed by two integrative 
views, not incompatible but complementary: (1) integrated modeling that emphasizes on 
simulation criteria (i.e. Hoekstra 2000), and (2) linking principles that emphasize on system’s 
strategies of ruling principles-and-actions, i.e. watershed rehabilitation. More details in 
linking principles are outlined in Example 3.  

Figure 1. Contexts for Integrated Watershed Management (Mendiondo 2001b). 
 
EXAMPLE 2: BOTTOM-UP PROCESS AS A COMPREHENSIVE APPROACH IN WATERSHEDS 

Problem: If there are several model strategies that support IWM’s contexts including 
uncertainties, why adopt a naturally-oriented conception like watersheds ?  

Proposal: Watersheds are defined by a waterscape, the combination of the hydrology and 
topography of the landscape, and they are ubiquitous units that can be seen as the physical 
foundation of any complex systems, i.e. ranging from micro- to macro-scales, and able to 
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perform uncertainty propagation. During most of the mid- to late-20th century, watershed 
modeling has been a top-down process, but this approach has led to numerous barriers to 
effective citizen involvement and to use of locally developed knowledge.  Several references 
address the limitations of this approach, i.e. World Bank (1993).  A truly effective IWM effort 
is most likely to be a bottom-up process, driven largely by citizen concerns about 
local/regional problems and guided by IWM’s contexts of Figure 1. A successful 
collaborative IWM requires broad participation by those likely to be affected by the outcome. 
Sometimes stakeholders are beyond the physical boundaries of the watershed or basin in 
question, so that a problem-shed must be accounted for. Only by IWM that heuristically 
dribbles contexts of Figure 1 is scientific analysis married with collaborative participation, 
ensuring that decisions based on cultural values are informed decisions with respect to likely 
consequences and a clear understanding of a win-to-win process to face IWM challenges. (see 
section “Challenges”).  

UNDERPINNING SUSTAINABILITY DEVELOPMENT 

A strategy of IWM is here proposed as a naturally-oriented approach, based on physical 
evidence, that not only permit to optimize integrated modeling purposes, but also introduces 
flexibility through integrative collaboration between the stakeholders for dynamical 
adaptation of decision-making process. The central idea is to underpin sustainability in IWM 
for a Decision Support System (DSS) which attends considerations on uncertainty and 
vulnerability (see section 2. Challenges). IWM encompasses three linking principles PWM 
(Figure 1): (1) adaptive management, (2) resilience, and (3) likelihood. These principles re-
incorporate new attitudes of IWM through questions explained as follows.  
 
ARE THERE NEEDS TO HAVE LESSONS LEARNED ?  

The first yardstick is that adaptive management (AM) with an open attitude to look for 
lessons to be learned. AM is an integrated, multi-disciplinary approach for confronting 
uncertainty and scaling in natural resources issues. This is because it acknowledges that 
managed resources will always change as a result of human intervention, that surprises are 
inevitable, multi-scaled, and that new uncertainties will emerge (Holling 1978, Walters 1997). 
For instance, one AM output is the uncertainty that a decision-making process accepts to 
control or bound. In this form, active learning is the way in which uncertainties are 
winnowed. Consequently, uncertainty management is an approach to science for decision-
support that reasons from inherent uncertainty providing a framework in which the salient 
uncertainties are used as building blocks to arrive at insights relevant for the decision-making 
process (Van Asselt 1999). Thus, the ultimate aim of uncertainty management should be to 
facilitate the search for both most robust alternatives and flexible protocols for IWM. Robust 
implies that the identified strategy is the one that appears to trigger a favorable future, that 
seems to avoid highly undesirable ones. That performs a flexible protocol, or procedure, 
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describing the sequence of steps, enough to be changed or reversed if new insights emerge. In 
short, a device capable of learning (see Figure 2 and Example 3). 
 
HOW COULD IT BETTER MIMIC THE SYSTEM BEHAVIOR UNDER DISRUPTION ?  

Whereas AM is desirable, how could we better mimic the natural behavior under 
disruption ? The question is addressed not only to simulating-based options, but also to 
hypothesis-tested situations. The former, from a scientific attitude, regards modeling 
performance. The second, from a decision-making attitude, regards that models are 
incomplete representations of managed systems (Walters 1997). This states that a managed 
system, like a watershed, is ever under changing conditions those could be buffered by its 
own capacity called of resilience (Holling 1996), and here called as R. This is the ability of an 
ecosystem to persist despite disruption and change, and it depends upon the continuity of 
ecological processes at smaller and larger scales. For instance, the impacts of global change 
threaten to reduce ecological resilience at local to global scales, producing ecosystems that are 
brittle and sensitive to disruption. Common approaches address resilience as a measure of 
sensitivity by increment comparison between dependent and independent variables (Fiering 
1982, Morgan & Henrion 1990). In this way, slackness could be incorporated into 
optimization restrictions (Mendiondo 2001) supporting short-term loops of multi-criteria 
performance (see i.e. the low part of Figure 2 with comments of Example 3). 
 
IN WHAT WAY SHOULD THE MULTI-FINALITY RESPONSES OF THE SYSTEM BE APPROACHED 

ROBUSTLY ?  

The two contrasting attitudes of system’s stability associated to resilience–essentially one 
that focuses on maintaining efficiency of a function, or engineering resilience, and other that 
focuses on maintaining existence of a function, or ecological resilience (Holling 1996)—are 
interchangeable. They become of alternative uses according to the possibility not only with 
the existence of near-equilibrium efficiency but also with the reality of more than one 
equilibrium state; the former regarding optimization procedures, the later emphasizing multi-
objective and multi-finality strategies. Some of these attitudes are related with system 
likelihood L, say, the probability of observing the sample (in terms of Efron & Tibshirani 
1993, p.303), through a quantity that is proportional with the possibility of occurrence of 
system variables. The likelihood could also address dispersion measures approached into a 
quantitative uncertainty analysis by Monte Carlo or bootstrap analysis (see i.e. Efron & 
Tibshirani 1993, Clarke 1994, 1998; Beven 1996; Sorooshian  et al 2000). 

 
HOW DO THESE PRINCIPLES OFFER ‘LINKING’ TRACKS THROUGH IWM ? 

To become actions through IWM attitudes, the fore-mentioned principles should be 
scanned by models. A model is viewed as a powerful heuristic tool that is only a partial 
representation of the reality (Morgan & Henrion 1995, p.293), and with limited predictive 
capabilities because of either its structure or its function. First, modeling is a construction of 
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the model, according to a priori assumptions, with a given strategy and to answer a specific 
objective. Second, simulation is the use of the model to mimic as many aspects of a portion of 
the natural world as possible (Hunt & Zheng 1999). How is IWM inserted between these two 
tasks ? When model’s assumptions and strategies are re-thought in terms of contexts (Figure 
1) striving to integrated objectives according to stakeholders and their dialogue. In this way, 
integrated modeling is viewed as an agreement among sub-models, as transparent as 
participative, to manage different baseline assumptions, implement a common strategy, to 
attain conflicting objectives and to decide what standards of uncertainty could be supported 
by assumptions, strategies and objectives of each sub-model. For instance, a model of 
streamflow uncertainty is capable of being managed for flood mitigation when river 
restoration goals are derived from unsteady flow equations (Figure 3, Mendiondo et al 2000a). 
Linking tracks to IWM appear in Table 1 and further evaluated in Table 2.  

In short, linking principles PWM {AM, R, L} approach a watershed as being under 
confirming of a pool of models which include uncertainty, even underpinning sustainability 
under scenarios assessment. If sustainable development is requested, a corollary emerges: 
IWM needs of an Adaptive Water Management (AWM). An AWM protocol that supports 
IWM is presented in Figure 2. It includes uncertainty analysis, scaling aspects and types of 
dialogues between stakeholders, resulting in integrated scenarios, sustainability goals and 
policy decisions under short- and long-terms. Mendiondo & Doell (2001) discuss the AWM 
protocol from policy workshops of the WAVES (Water Availability & Vulnerability of 
Ecosystems & Society) Program (www.usf.uni-kassel.de/waves). 

 
EXAMPLE 3: SUSTAINABLE DEVELOPMENT IN TERMS OF INTEGRATED MODELING 

Problem: According to Krol (2001, pers. comm.), the AWM protocol and the way it is fed 
by data-analyses-expert-knowledge put new questions about the rol that uncertainty plays for 
integrated modeling: (1) At which level does uncertainty play its most important role ?, (2) 
How do long-term policies shape the adaptive process ?, and (3) How is uncertainty felt ? 

Proposal: First, uncertainties which are stemming from incomplete knowledge are more 
important for the long-term perspective than for short-term considerations. Variability is more 
relevant for smaller temporal and spatial scales, but the AWM protocol of Figure 2 should be 
specifically designed for optimal control of systems with random driving forces. Figure 2 is 
still implicit in how the long-term policies are to be influenced by the uncertainty analyses. 
For instance, the policy workshops of WAVES already gives hints in this direction. Further 
work to the AWM protocol is needed for moving IWM towards DSS, to transform uncertainty 
analysis into uncertainty management. One example is explained in section “Perspectives”. 
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Figure 2. The AWM protocol (Source: Mendiondo & Doell 2001) 
 

Second, for each long-term policy, short term considerations should serve as preparatory 
steps of IWM in the long-term direction: the short-term optimization process should be tuned 
to take course on the long-term goals. This implies a necessary loop from long-term policy to 
the long-term perspectives, the set of sustainability goals/thresholds and probably the multi-
criteria optimization. In this respect it is imaginable to have two optimization loops in AWM: 
one short term optimization, which could be described as algorithms and thus implemented in 
simulation models, and one long-term optimization, which would be the one most attractive 
for dialogue-approaches. A two-level dialogue is also possible and showed by the AWM 
protocol (Figure 2), e.g. one at basin-committee-level (for the short term decision making) 
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and one at the state level (for the long-term policies, including what are the degrees of 
freedom of decision-making at the short-term). Some discussion of what could be done at 
which level helps the shortcomings of AWM protocol of Figure 2 is further depicted in 
section 4. Perspectives.  

Third, in some approaches of IWM, uncertainty can be used as an alibi to postpone action; 
in other ones, from the precautionary principle, it would reversibly propose to start making 
policy as soon as possible. There is no specific contradiction between these two approaches, 
but the base approach would be a different weighting of expected mean and low-probability 
unfavorable outcomes in the multi-criteria optimization. The former approaches require a 
good responsiveness and could optimize net results, but probably to pay the price of higher 
vulnerability by relying on how fast/efficient policies are after having wait until the last 
moment possible (see i.e. Section 2)  

 From the fore-mentioned statements, derived actions AWM { }are directly connected 
with uncertainty analysis in AWM, in pursuit of a uncertainty management for a DSS. That is 
visualized in the inner feedback of pluralistic, collaborative and participative dialogue of 
Figure 2. How does this qualitative layout become capable of quantifying ? This layout forms 
a watershed strategy which encompasses two parts: first, hydrologic methods that aid 
uncertainty analysis of Figure 2, and second, management perspectives. 
 
HYDROLOGIC METHODS – WHICH ARE THE STRENGTHS AND LIMITATIONS FOR IWM ? 

Based on watershed project experiences in Latin America and Europe, some research 
methods that help IWM towards sustainability criteria are presented in Table 1. Hydrologic 
methods have pro’s and con’s to address watershed strategies, because the methods are not 
general to underpin sustainability in all scales (Table 2). In one hand, the hydrologic 
applications of Campana et al (1995), Mendiondo & Tucci (1997), Kobiyama et al 1998), 
Depettris et al (2000), Neiff et al (2000), Mendiondo et al (2000a,b), Araújo et al (2001), and 
Mendiondo (2001a), among others, serve as watershed examples that (1) address a IWM 
multidisciplinary framework of Table 2, and (2) help towards “assessment/mitigation of risks” 
(of section 2. Challenges). In the other hand, Pilar et al (2001) outline a insurance model with 
application for “the transfer of hydrologic risks” (section 2. Challenges) 
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Table 1. Hydrologic methods for watershed strategies (Source: Mendiondo 2001b)  

 
Hydrologic methods 

 
principal commands of watershed strategy 

NBE: Nested Basin 
Experiment   

- How does uncertainty and scaling keep coherent with watershed 
function and structure ? 

SUSMH: Scaling and 
Uncertainty of Soil 
Moisture in Hydrotopes  

- How we envisage alternative up-scaling processes with 
uncertainties in order to capture spatial organization of soil moisture 
that behaves different temporal responses ? 

REBRUSH: Riversides 
with Bio-based Restoration 
derived from Uncertainty in 
Streamflows  

 - How pathways to restoration derived during flood events could be 
developed with the incorporation of resilience and of discharge 
uncertainties ? What adaptive rules could be derived from measured 
data and from local scale models ? 

EHWARS: Eco-Hydrology 
of Wetlands Aided by 
Remote Sensing  

- What plausible indicators on biomass estimation from remote 
sensing are plausible to address resilience in space and time, with 
opportunity of scaling data and of uncertainty analysis ? 

GPWR: Guiding Principles 
of Watershed Restoration  

- How could reference conditions of pristine structure and function be 
adapted to development restrictions towards managed conditions that 
incorporate future scenarios ? 

IPH:  Integrated Process 
Hypotheses   

- How  to have a gain when ‘re’-thinking our watershed models in 
order to have feedbacks from linking principles of management ? 

GBH: Geobiohydrology 
Management  

- Which are the valid scales and uncertainty bounds for 
interdisciplinary layouts in the long-term ? 

 
 
Table 2. Summary of hydrologic methods to assist IWM (Source: Mendiondo 2001b). See 
explanation in Figure 1, Figure 2 and in text. Disciplines: B: Biology, E: Ecology, G: 
Geomorphology,  H: Hydrology/Hydraulics,  P: Pedology, RS: Remote Sensing, S: Statistics 

 
Method  

 
Underpin sustainability  
 

 
Schedule steps 

 
Results expected 

NBE  medium  short-term medium-term 
SUSMH  medium short-term short-term 
REBRUSH medium short-term medium-term 
EHWARS   medium short-term medium & long-term 
GPWR  medium short-term medium & long-term 
IPH  high medium-term medium-term 
GBH  high long-term long-term 
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Table 2. (cont.) 

 
Method  

 
Disciplines 

 
Scaling 
Level 
 

 
Uncertainty 
(type) 

 
Resilience Appraisal    

 
Adaptive 
Management  

NBE  G, H, P, RS, 
S 

lumped lumped 
(I) 

I & II: rainfall-runoff 
events in lumped balance 

medium 

SUSMH  B, G, H, P, S lumped distributed 
(II) 

I & II: moisture 
redistribution, geostatistics 

medium 

REBRUSH E, G, H, S lumped lumped 
(I, II) 

I & II: confidence intervals 
& flood-routing 

medium 

EHWARS   B, E, H, RS, 
S 

distributed distributed 
(II) 

I & II: pulse dynamics & 
patchiness 

medium 

GPWR  B, E, G, H, 
P, S 

combined lumped 
(II) 

II: deficit to ideal 
condition. 

medium 

IPH  E, G, H, P lumped lumped 
(I, II) 

I & II: (field evidence and 
observations) 

high 

GBH  B, E, G, H distributed distributed 
(I, II) 

I & II: (field evidence and 
observations) 

high 

 
 
EXAMPLE 4: STEPS IN UNCERTAINTY-BASED DECISION MAKING  

Problem: how does IWM support steps in uncertainty-based decision making ?  
Proposal: The remarks of which research perspectives should be preferably among others 

encourage a necessary feedback from stakeholders to research groups. Only by this way is 
possible to foster collaborative programs and capacity formation layouts. First, funding 
should be oriented to have qualified professionals and more active stakeholders, all interested 
in contexts and categories of IWM (i.e. Figure 1). Second, policy workshops, forums and 
dialogue agendas are fully recommended to set up a preliminary AWM protocol (i.e. Figure 
2). Third, basin-committees should participate through a “role-playing” framework, such that 
water visions could be converted into basin management targets, in analogy to the principles-
attitudes-actions through IWM. Fourth, hydrologic methods (i.e. from Table 1 and Table) 
could assist IWM strategies in a technical fashion for DSS. With this steps, water policies 
emerge from a bottom-up, uncertainty-based decision-making process. 
 
PERSPECTIVES OF HYDROLOGIC UNCERTAINTY MANAGEMENT FROM A CASE STUDY  

IWM’s perspectives are extracted from the example of WAVES Program (www.usf.uni-
kassel.de/waves) to manage the water availability and vulnerability in semi-arid Northeast 
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Brazil, of ca. 400,000 km2. To cope with droughts in Ceará State basins (ca. 150,000 km2), 
and according to outcomes of WAVES’ policy workshops reported by Mendiondo & Araújo 
(2001), perspectives are recommended for new partnerships. 
 
Perspective 1: adaptive water management with a protocol for integrated modeling 

Question: How can a continued decision-making process be organized such that both 
scientific knowledge and society values be efficiently included in front of extreme droughts 
and increasing water demand in NE Brazil ?  

Method: The inherent uncertainty of future reference scenarios on water scarcity problem, 
either “globalization” or “decentralization”, requires an AWM in NE Brazil. Under climate 
change scenarios, the AWM protocol (Figure 2) is needed to transfer the results of the Semi-
arid Integrated Model (SIM) to society. Flexible pathways of IWM for long-term policies of 
Brazilian water-agencies and international centers basically enhance (1) uncertainty analysis-
and-management among stakeholders, and (2) sustainability-based models that introduce 
multi-objective optimization for policy-makers, i.e. the National Water Agency (Agência 
Nacional de Águas, ANA) of Brazil. 
 
Perspective 2: uncertainty management as a participatory layout for basin committees  

Question: How can knowledge about uncertainty on droughts become helpful information 
for decision making in NE Brazil ?  

Method: Uncertain model outputs and temporal/spatial scaling are neither well known by 
stakeholders, nor completely used by ANA. Furthermore, watershed-based models perform 
different results from municipality-based models. According to the climate database used in 
WAVES, current Ceará irrigation requirement changes approximately. 50 %, with an absolute 
value close to the difference between irrigation scenarios in 2025!. Uncertainty analysis 
(made by scientific task forces) should be computed and clearly presented to basin 
committees to motivate an uncertainty management strategy (from participation of 
stakeholders). This process, as a feed-back to SIM, also helps AWM (Figure 2) and IWM on 
refining the scenario development, thresholds, and sustainability goals of ANA. To cope with 
drought extremes, uncertainty analysis-and-management is now viewed not only as an input 
of participatory decision-making, but also as a setup of multi-objective optimization (next 
perspective)  

 
PERSPECTIVE 3: MULTI-OBJECTIVE OPTIMIZATION AS A MODULE FOR DECISION-MAKERS.  

Question: Given long-term scenarios, what are the best short-term decisions and goals to 
cope with droughts in NE Brazil ?  

Method: Droughts are constrained by conflicting water-demand sectors, namely irrigation 
and household with 90 % of total water use. Multi-objective optimization (MOO) maximizes 
objectives, i.e. environmental, economical, and societal subject to a number of constraints. 
Although NE Brazil regional scale encompass many variables, the MOO module (Figure 2) 
could be adapted into SIM assessment if objectives, goals and weighting coefficients from 
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water-agencies are outlined. AWM, powered by participatory layouts, introduces elements of 
slackness into MOO which imposes goals be flexibly met and optimized. Thus the hierarchy 
of water projects until year 2025 proposed by Araújo et al (2001) could be updated and 
refined, also when interventions occur, i.e. grant shortages, energy cuts, regional migration, 
desertification expansion, etc. Based on the previous WAVES partnership, the MOO could 
make use of scaling, uncertainty as well as policy-rules of the IWM. 

The expected results of fore-mentioned perspectives of IWM in Ceará State (NE Brazil 
are: (1) flexible integrated modeling used by stakeholders/policy makers for water 
conservation across 150,000 km2, (2) participation of 11 basin committees with uncertainty 
management and into integrated scenarios, (3) robust decisions of policy makers through 
multi-objective optimization in 184 municipalities, and (4) strategic drought management 
oriented to sustainability by water agencies during 2001-2025 (Mendiondo 2001c). 

But, how did we adapt lessons learned into IWM attitudes ? Hydrologic uncertainty is a 
hot-spot to be concisely approached in a scientific atmosphere of discussion with feedback 
among stakeholders through IWM attitudes of (1) setting up a participatory process, (2) 
brainstorming, tuning and refining shortcomings, and (3) peer-reviewing and publishing. 
Mendiondo (2001c) presents own examples of IWM attitudes, thereby regarding the treatment 
of hydrologic uncertainty, as analytical as manageable. 

 
FUTURE DIRECTIONS  

In what manner can we address next steps and opportunities in uncertainty management ? 
Some hints could be shared in order to go further with comprehensive and holistic rules of 
IWM which shapes the form of hydrologic uncertainty management. 
 
Rules – how to work out new insights from system-oriented Hydrology ? 

In the case that simulating purposes are required, a system approach must be introduced for 
IWM. Making an analogy to the system-oriented notation usually learned in Hydrology 
courses throughout the 20th century (i.e. Chow et al 1988), ΩIWM could be visualized like the 
operator of IWM across spatio-temporal scales (x, t) that performs simple rules, i.e.  
 
adapt water management principles to actions :  AWM (x, t) = ΩIWM  PWM (x, t)  (2a), 
convert water management actions into principles :  PWM (x, t) = ΩIWM

 -1 AWM (x, t). (2b) 
 
Equation 2a or 2b could be researched for DSS using intelligent systems and fuzzy-set 

theory emerged in last 30 years (i.e. Zadeh 1966), but even not completely used in Hydrology 
courses. Fuzzy sets ave the advantage of treating likelihood both quantitatively and 
qualitatively, being appropriate to assess simple and practical rules of using uncertainty. 
 
New challenges – how to adapt uncertainty into classical uses of Water Resources ? 

Figure 3b shows an example of flood mitigation through managing uncertainty in the river 
database, using the REBRUSH method (Table 1). That is performed by a pluralistic 
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uncertainty management, i.e. the adaptation of uncertainty analysis (Figure 2) into a decision-
making process for a target of renaturalising rating curves (Figure 3a). There are several 
techniques in water resources engineering on how to put at work novel devices from 
uncertainty management in order to overcome new challenges in IWM. 
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Figure 3. Example of flood mitigation with uncertainty management through REBRUSH method 

(Table 1) according to effects in the observed rating curve (upper panel), and routing of observed 
hydrographs (lower panel) Source: Mendiondo,  Clarke & Toensmann 2000. 
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Scenarios – how does uncertainty shape the future of a water-demand society under 
Global Change ? 

Figure 4 shows specific costs of total water withdrawal in water-scarcity basins of NE 
Brazil, for year 1996 and for two future reference scenarios in year 2025: RS-A is a more-
global society with “business-as-usual”, and RS-B depicts more-decentralized regions. 
Results for year-to-year climate scenarios in the period 2001-2025 are also available for 
scenarios with and without climate change. Although preliminary uncertainty analysis is 
expected not be unreliable, the uncertainty in water demand costs per basin area in 2025 
between RS-A and RS-B is due not only to the management of normative scenarios under 
global change, but also  than hydrologic phenomena that constrain inter-annual water-demand 
variations. For that reason, the MOO module should be also computed on short-time periods 
until the long-term perspective is totally assessed.  Thus the MOO option of AWM protocol 
(Figure 2) could be progressively performed in time series to make decisions of water 
policies, in order to self-adapt progressively the management to uncertain, but feasible 
scenarios. 
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Figure 4. Costs of total water withdrawal per unit area of water-scarcity basin. 

 
For instance, 138,000 set-ups (i.e. model setting at 184 municipalities, along 25 years of 

continuous scenario modeling, computing 5 water-demand sectors, like irrigation, household, 
livestock, industry and tourism, by 2 normative scenarios of management, and using 3 Global 
Circulation Models, like ECHAM4, HADCM2 and EQUAL-PIK model) are only expected to 
assess the boundary conditions on which driving forces act over the whole system. 
Workshops of scenarios calls for a plea for methodologies and examples of scenario 
assessment, including the inherent uncertainty for types of AWM protocols and types of 
MOO modules, as here presented. 
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SUMMARY  

How could we zip an outlook on hydrologic uncertainties under multidisciplinary 
strategies and sustainable development of water resources systems?  

The concept of Integrated Watershed Management (IWM), a holistic approach that may 
produce a set of water management principles (PWM) that will then motivate a set of 
management actions (AWM) in a water basin, is presented in this paper. Thus, our purpose of 
is not to provide a tool-kit on hydrologic uncertainty, but displaying pathways of keeping 
corners under multidisciplinary strategies and sustainable development using IWM. This 
approach requires forward-looking experiences on how to manage uncertainty and risk in 
water resources, in terms of strategies of sustainable development. For instance, either an 
uncertainty-derived context under integrated watershed management (Example 1), or a 
bottom-up process for comprehensive watershed approach (Example 2) requires new attitudes 
for research groups and teams. When these groups are proficient in integrated modeling 
(Example 3), the strengths and limitations of the strategies clearly appear. In Example 4 it is 
shown that by adopting steps in risk-based or uncertainty-based decision-making, it is clearly 
needed that perspectives and future directions should be extracted with active stakeholder 
participation. The suggestions provided in this paper are not expected to be a blueprint for 
uncertainty management, but rather to serve as a learning tool requiring feedback from-and-
for water practitioners who must cope with sustainable development of water resources 
systems. 
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