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Abstract
This paper presents and discusses concepts, models, and methods for defining strategies, 
plans, and actions to achieve the sustainable development of water and environmental 
systems in a context of uncertainty. The complexity of such systems, including human 
and natural landscapes and their interactions, is a tremendous challenge with regard to 
decision‑making processes. The future that is now being designed involves a myriad of 
uncertainties, climate and non‑climate related, that request comprehensive decision frame‑
works involving multiple processes (institutional, political, social, economic, biophysical, 
etc.) to prevent disagreements and barriers from impeding the achievement of sustainable 
decisions. When it comes to assessing responses to future scenarios (or different states of 
the world), the idea of   robustness can include introducing the concept of adaptation. New 
terms such as “multiple plausible futures” and “deep uncertainty” have been emerging. 
How past frameworks should give rise to new frameworks so that decisions to be taken on 
water and environmental systems management and infrastructure planning are adapted to 
uncertain future conditions are the main issues tackled. The limitations on predicting the 
future and controlling and managing water and environmental systems mean that policy 
makers and society in general, especially knowledge‑producing centres, need to shift from 
rhetoric to intervention, to tackle the many changing tendencies of today. Deciding now, 
at the present time, which has already been the future, the future of the next generations 
is an intricate and demanding task.

Keywords Water and environmental systems of the future · Uncertainty and decision 
making · Scenario generation · Flexibility · Adapting to new drivers of changes
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1 Introduction

The role of rivers in the birth and growth of civilizations is unquestionable. They made 
human sedentism possible, along with a community life that was creating mechanisms of 
cooperation and development, giving rise to the societies of today. They provided the water 
needed for farming to develop; they made the first industrial achievements and recreational 
activities possible; their natural beauty and the features of their courses captured the imagi‑
nation of many peoples; they provided a source of identity for human settlements and excep‑
tional communication routes between different geographic areas. Furthermore, they gave 
rise to the beliefs and spiritual attitudes of the people who were settling close to them as bet‑
ter living conditions became established. A reasonable balance between uses and resources 
was sustained for many hundreds of years, which preserved the conditions in which a rich 
wildlife and well‑adjusted ecosystems were able to thrive.

However, rivers are not static systems – just think of the seasonal changes in which placid 
rivers suddenly turn into overwhelming and destructive currents. Measures were taken very 
early on not only to create conditions to use the resources of rivers but also to ensure that 
the consequences of natural phenomena could be controlled. Therefore, so that the resources 
could meet communities’ needs, especially for agriculture, the first infrastructure elements 
and rules for their allocation and use began to emerge. Dams were built which initially made 
it possible to control natural phenomena and helped to support subsistence agriculture. They 
gradually evolved to produce energy, supply water, and intensive irrigation, and eventually 
provided a setting for large‑scale leisure activities. This meant that the territory was refor‑
matted with disruptions to the natural environment being introduced. The different inter‑
ventions in and uses of rivers caused them to become polluted and fragmented, very often 
jeopardizing the vibrant ecosystem activity essential for a healthy life; their biodiversity has 
been damaged, food security has been called into question, and many situations have led to 
people being displaced.

The range of activities related to rivers and water bodies in general and their associated 
ecosystems is such that their protection and development require comprehensive oversight. 
The multifaceted conditions that can endanger the health of water and natural environmental 
systems and their influence on the progress of societies, including protecting people and 
property from the effects of extreme events, must now be considered in a new framework. 
Changes can be seen in various components (hydrological, biochemical, geomorphological, 
environmental, economic, social, regulatory, etc.). How to achieve progress while at the 
same time building sustainable solutions is today a more difficult challenge than ever, one 
that must be faced in a context of multiple uncertainties.

The literature is full of articles that set out the key points along the way that has brought 
us to the situation existing today (Pahl‑Wostl 2020). It is clear that the strictly technical 
approach was understandably prominent (Pahl‑Wostl et al. 2011) when it came to solving 
well-defined problems that needed urgent answers. Examples include those related to the 
concentration of the population in urban areas and the intensification of agriculture and 
industry that occurred in the last two centuries. The need to provide more water resources 
to meet growing demands and health and sanitation requirements meant that it was crucial 
to find and apply appropriate solutions. River basins also needed intervention to protect 
towns, cities, local areas, and their people and assets from intense sporadic hydrological 
events. As time went by, it became clear that interventions to solve specific problems and 
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adopted only for technical reasons were not the way to proceed. The importance of gather‑
ing various types of knowledge and making structured decisions became clear. Managing 
water as a resource came to be contextualized in a wider, more comprehensive insight. This 
is exemplified by the importance given to understanding the behaviours and functions of 
different habitats and establishing their relationship with the hydrological features of the 
environments to which they belong. A transformational attitude began to emerge. A new 
model that considered demand‑side water management and the integrative features of the 
Water Framework Directive (WFD, 2000) was developed.

However, the levels of complexity of water and environmental systems management 
have increased in recent times. The constraints on predicting the future mean that policy 
makers, society, and especially knowledge‑producing centres, need to shift from rhetoric 
to intervention to tackle the many tendencies that are changing today (Pahl‑Wostl 2020).

The working hypotheses that have prevailed in traditional management until recently 
must clearly be questioned. It must be possible to decide what our water and natural envi‑
ronmental systems should look like in the future. Thus it should be emphasized how climate 
change represents an enormous challenge to produce analytical insight for all levels of deci‑
sions (Marchau et al., 2019).

The literature has recently been focusing on how to incorporate uncertainty into deci‑
sion‑making processes related to planning infrastructure and managing water resources and 
associated ecosystems (protection and management of their services) (Maier et al. 2016; 
Moallemi et al. 2018, Marchau et al., 2019, Loucks 2022). Deciding now, in this pres‑
ent time which has already been the future, the future of those who will come after us, is 
an intricate task. It is essential to understand that decisions taken today must be based on 
“anticipating” the changes in future conditions. This is the main motivation for the next 
sections.

This paper provides a novel, integrated synthesis of knowledge available in several 
forms of literature (papers, books, and reports), relevant to analysing the challenges and 
limitations still found in water and environmental systems management, particularly with 
respect to uncertainty issues in decision‑making processes. It contributes with an overview 
of essential concepts, models, and methods, having in mind readers less familiar with these 
subjects and interested in exploring them.

Its structure is as follows. The next section looks at the future challenges of water and 
environmental system management and discusses the main issues and concepts for devel‑
oping decision‑making frameworks under uncertainty. Subsequently, models and methods 
for tackling real‑world problems are systematized and commented on. In the conclusions, 
the main takeaways from this paper are highlighted and the limitations of frameworks for 
managing water and environmental systems of the future are acknowledged.

2 Main Issues and Challenges for Future Water and Environmental 
Systems Management

The future that is now being formatted involves numerous uncertainties, both climate and 
non‑climate related (Zeferino et al. 2014; Heidrich et al. 2016, Burnham, 2016, Pianosi 
and Wagener 2016). These require comprehensive decision frameworks involving multiple 
issues (institutional, political, social, economic, biophysical, etc.) to prevent disagreements 
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and barriers to reaching sustainable decisions. Water companies and utilities worldwide are 
increasingly asked to find approaches capable of providing water of good quality, meeting 
reasonable pressure requests, and handling demand uncertainty in a sustainable and cost‑
effective manner (Pollard et al. 2004; Roach et al. 2015). Water resources authorities are 
periodically asked to develop management plans at the river basin level (the WFD planning 
cycle is 6 years). These involve setting strategic decisions for allocating water resources 
(human and non-human uses), devising flood and quality protection measures, and enhanc‑
ing ecosystem services. Approaches such as IWRM – Integrated Water Resources Manage‑
ment need crucial changes to consider “strategic adaptation plans” as noted by Roach et 
al. (2016). Different initiatives worldwide show the importance of inclusive initiatives like 
the “Water and Sanitation for All” proposed by the UN under the Sustainable Development 
Goals, for whose success suitable decision‑making frameworks are needed.

Awareness of the complexity in the field of water resources and environmental systems 
management is growing, along with the limited ability to predict and shape the informa‑
tion required to formulate future interventions, mainly with regard to long‑term decisions. 
The decisions to be taken correspond to outlining problems with a myriad of objectives, 
as mentioned above, but in new, difficult contexts. In Fig. 1a comprehensive framework is 
depicted for implementing a decision-making process to address a specific problem, taking 
into account uncertainty issues. An overview of the different aspects focused on in this fig‑
ure are discussed next, and a more thorough analysis to detail aspects related to real‑world 
applications is dealt with in the next section.

In Fig. 1, the information presented on the right-hand side means that different levels of 
uncertainty can emerge at different times in the decision-making process. The uncertainty 
reflects the lack of or imperfect nature of knowledge with respect to external conditions 
and the characteristics of the systems to be worked on, as well as to the consequences of 
the solutions that may be implemented. Climate change adds fundamental challenges for 
defining analytical insight in all types of decisions. The implications of these new visions 
for the management of water and environmental systems have led to the development of a 
number of conceptual frameworks. In fact, making decisions considering perfect knowledge 
about the issues at stake, and thus resorting to deterministic approaches, is out of question 
today. Different approaches can be followed to tackle uncertainty issues, which has led to 
the emergence of new terminology such as “multiple plausible futures” and “deep uncer‑
tainty”. Following the synthesis of deep uncertainties presented by Haasnoot et al. (2014) 
they are severe uncertainties that can appear “from multiple possible futures without know‑
ing relative probabilities” (Lempert 2013); “from multiple world-views including different 
values to evaluate the systems” (Rotmans and De Vries 1997); and “from policy responses 
to environmental events and trends (Haasnoot et al., 2012) that cannot be considered inde‑
pendently” (Hallegate et al., 2012). This raises the problem of dealing with different states 
of the world or scenario uncertainty (Maier et al. 2016).

After the specification of the problem, objectives and constraints for its resolution must 
be established. Then alternative options must be built and evaluated in light of the objectives 
to fulfil (Fig. 1). Constraints could include physical aspects, technology availability, institu‑
tional barriers, legislation, and budgetary aspects. A spectrum of options may be considered 
as alternatives. It may be about policies, strategies, plans, designs, actions, etc.

There is an increasingly acute perception of lack of knowledge regarding the future 
behaviour not only of hydrological and other environmental variables (exogenous climate 
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and non‑climate information) but also of the general response of environmental systems to 
new stimuli (internal functioning and endogenous interactions very often hard to figure out). 
In addition to these aspects, greater difficulty in devising information for decision-making 
processes can also derive from multiple possible drivers of change (Fig. 1):

 ● economic and population growth;
 ● technological developments (in the energy and agriculture sectors, or in wastewater 

treatment, for instance);
 ● land‑use changes;
 ● new lifestyles and standards of living;
 ● costs and benefits from preventing consequences of adverse changes;
 ● unexpected implementation of new policies (marked by new geographies of poverty, 

migration, and the emergence of new economic powers);
 ● variability of stakeholder preferences with regard to outcomes not only from systems 

responses, but also for defining objectives and constraints, and alternatives;
 ● intricate societal responses engendered by such a wide range of trends and drivers of 

change.

The outcomes resulting from the decision framework used are also related to the exogenous 
information and how alternative options impact the system, given its endogenous function‑
ing (Fig. 1). A feedback loop should be considered so that the evaluation of alternatives can 
drive the review of the various steps of the process. The outcomes are organized for the 
final disposition of the decision process, considering the preferences and weights assigned 
to each objective (here, the important role of stakeholders is stressed). Deep uncertainty 
approaches can promote the evaluation of trade-offs between solutions obtained through 
the range of plausible futures. In the end, alternatives can be rated, ranked, or selected 
depending on the tools used to support decision‑making (e.g. exploratory modelling and 

Fig. 1 Comprehensive framework for a decision making process accounting for uncertainty issues
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scenario development, simulation models and sensitivity analysis, mathematical optimi‑
zation, multiobjective programming, multicriteria decision analysis, robust optimization). 
This is an iterative process that can include the re-examination of different issues of the 
decision procedure.

The sustainability of environmental systems depends to a very great extent on how to 
adapt in terms of infrastructure and management of resources, and how to respond to soci‑
etal problems arising from the combined effects of environmental and social developments. 
The involvement of stakeholders (Fig. 1) is especially important in the development of this 
new framework, as, indeed, are the levels of institutional, social, economic, political, and 
technical-scientific integration, which are essential aspects to be taken into account.

Inspiring approaches emerged from different areas and their terminology, systematiza‑
tion, objectives encompassed, opportunity, and challenges for applicability to real‑world 
problems have recently been and will certainly be in the coming years, the subject of a large 
number of research publications. Literature contributions like those of Roach et al. 2016, 
Maier et al. 2016, Marchau et al., 2019, Loucks 2022 and their references provide a broad 
spectrum of analyses, models, and methods on the scope of decision making characterized 
by deep uncertainty.

The move from deterministic approaches to approaches considering different levels of 
uncertainty includes several steps in real‑world applications. This subject is explained in 
more detail in Sect. 3.

3 Decision-support Processes for Dealing with Uncertainty

Although the future is uncertain, and many of its facets are even deeply uncertain, resource 
conditions must continue to improve to meet the challenges of their future management, 
always striving to ensure the sustainability of any intervention. Therefore, an understand‑
ing of what is needed to develop the most appropriate strategies, plans, and actions to deal 
with such complex futures must be the issue. In fact, investments and policies are very 
often responsible for complicated consequences. They can be the kickstart for long‑term 
socio‑economic reorganizations beyond their lifetimes. Future developments must be based 
on sound planning strategies. These aspects should be the stimulus to find and deal with 
uncertainties during the whole decision process. From the input data, type and parameters 
of simulation models, construction of metrics to evaluate different options, the type of deci‑
sion models, and different approaches for them to handle uncertainty issues, there is a long 
way to go before convergence with the appropriate framework is applied. Some reflections 
on these issues are presented next.

3.1 Simulation Models

Simulation models are part of the decision process (Fig. 1). In fact, models that accurately 
represent the different components of environmental systems are vital to enable the evalu‑
ation of the impacts of the decisions to be implemented. Challenges from using different 
simulation approaches are questioned and highlighted. The need to address uncertainty (in 
terms of its source, degree, and nature) in the modelling of systems is crucial when it comes 
to any intervention they might be subjected to.
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Uncertainty can be associated with all types of information, from a lack of understand‑
ing of biophysical changes in environmental systems or social systems (thus postulating 
inadequate cause-and-effect relationships) as well as from different types of parameters to 
be considered. Handling the uncertainty representation (Amaranto et al. 2022) associated 
with environmental systems in terms of the various parameters that characterize them and 
the input variables of the physical models that represent them (Fig. 1 and details in the next 
section), is widely discussed in the literature (Beven et al., 1992, Montanari 2005, Pianosi 
and Wagener 2016).

Water resources and environmental systems decision problems must rely on simulation 
models capable of determining the effects of the different potential drivers of change. The 
different options to design infrastructure for flood protection, water storage, supply, and 
drainage, as well as for ecosystem protection and enhancement, and land uses in times of 
uncertainty, have led to an important body of literature (Marchau et al., 2019).

However, the conceptualization of models to show how phenomena are described 
requires a clear definition of a model’s purpose and a definition of its structure (cause-and-
effect relationships) for an accurate representation (more theoretical or more conceptual) of 
the system under analysis. Appropriate data for parameter calibration must also be available. 
All these highlighted aspects can be subject to some degree of uncertainty.

Additionally, for handling the complexity of water and environmental systems, the intri‑
cacy associated with integrated approaches that simultaneously include various types of 
models (for the different components, physical and social) can create additional challenges 
when it comes to solving decision models. When a large number of simulations are needed 
with such complex models, particularly if simulation models are embedded into optimiza‑
tion/decision models, execution times may turn out to be prohibitive. Metamodels can help 
to overcome such limitations. They represent/mimic an approximate perspective of real‑
world phenomena. They are usually knowledge‑based and statistically‑supported models 
and they are hard to construct. Keeping them fast enough while simultaneously accurately 
representing the behaviour of the systems is really challenging. Haasnoot (2013) built a 
metamodel to help explore adaptation pathways for the management of the Rhine delta 
under future conditions. Beh et al. (2017) used a metamodel to solve water supply problems.

Tscheikner‑Gratl et al. (2019) present a new discussion on uncertainty issues related to 
the calibration of fully integrated models for catchment studies and the linking of separate 
sub‑models.

3.2 Levels of Uncertainty and Scenarios

In Fig. 1 it is shown that uncertainty levels have to be analysed at different points in the deci‑
sion process. Figure 2 shows the conceptualized paradigms for modelling the future (Mair 
et al. 2016). The first paradigm, representation 1 (black line) in Fig. 2a, is based on the best 
available knowledge. It means that there is enough knowledge to characterize the conditions 
to which the system will be submitted and anticipate its responses (Maier et al. 2016). This 
is applicable to cases of low uncertainty.

Paradigm 2 (blue representation in Fig. 2a) performs the statistical characterization of 
knowledge, still considering the assumption of stationarity. Probabilistic distributions allow 
the statistical characterization of the information required to use simulation/decision sup‑
port models that will in each case provide the results, which are themselves capable of being 
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treated statistically. The literature reports several ways to statistically use these results for 
decision‑making purposes. In many cases, decisions were based on results corresponding to 
different levels of probability. Mean values   were sometimes used and sometimes the worst 
situation in terms of implementation requirements was considered (offering more assur‑
ances for the risk‑averse decision makers), or even the one that decision makers perceived 
as corresponding to the most appropriate estimation. After characterization, probabilistic 
distributions can also serve to generate a large number of snapshots, using various methods 
(Monte Carlo simulation, Latin hypercube, etc.). These can be used to analyse solutions 
for different realizations of the variables at stake. These approaches, appearing under the 
so‑called “statistical uncertainty”, can also lead to selecting snapshots (leaving only a num‑
ber that is still statistically representative of the whole set) through reduction techniques 
(Heitsch and Romisch 2003; Magini et al. 2019), and establishing their corresponding prob‑
abilities/weights. This paradigm conceptualizes future behaviours based on the imitation of 
past behaviours, according to the available knowledge.

Both paradigms seek to answer the question ‘What is going to happen?’, assuming that 
historical trends will continue into the future.

The hypothesis of stationarity was accepted until it recently began to be called into ques‑
tion (Milly et al. 2008). In fact, the idea that there could be probabilities linked to future 
events encountered in the characterization of environmental systems has been strongly 
questioned, indicating that different conceptual approaches should be created. The chal‑
lenges are different today. This means that there can be limitations on the use of risk analysis 
when knowledge is limited or absent. As an example, it can be hypothesized that the future 
might involve hydrological regimes that no longer statistically correspond to what is known 
today about existing historical series. The idea of   multiple plausible futures (also referred to 
in the literature as “states of the world” Maier et al. 2016) is intrinsically linked to the build‑
ing of scenarios that will make it possible to assess what the outcome of the solutions to be 
implemented might be (Fig. 1). Creating scenarios involves coherently proposing various 
hypothetical circumstances for the future that encompass a range of plausible conditions, 
using different assumptions and perspectives regarding the past, present, and future.

Fig. 2 (a) Representation of future modelling paradigms; (b) Combination of paradigms. (Adapted from 
Mejia‑Giraldo and McCalley 2014 and Maier et al. 2016)
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The shift from using point estimates from probabilistic distributions to using scenarios 
(representing different states of the world, Cunha et al. 2019), the evaluation of the robust‑
ness (Giudici et al. 2020) of the decisions to be implemented (in terms of strategies and 
plans and actions) has been taking shape and is being prioritized, in both scientific and insti‑
tutional terms. The evaluation of the solutions, considering their performance across all the 
scenarios considered, is replacing the old approach to decision making as the one that works 
best for the statistically more likely future (Lempert and Groves 2010).

When it comes to assessing responses to future scenarios, the idea of robustness can 
relate to the concept of adaptation. Adaptation will have to take place in a context of 
increased demand for water, localized population growth, scarce resources, aggressive eco‑
nomic development, new forms of energy production and agricultural practices, urban con‑
centration, and, in addition to all this, a situation of ensuring environmental flows and an 
increasing number of environmentally legitimized uses, etc. (Burnham et al. 2016). There 
could be a need to cope with multiple evolutionary paths found over time, which give rise 
to new paths (Trindade et al. 2019; Buurman and Babovic 2016).

Thus, coping with uncertainty gives rise to paradigm 3 in Fig. 2a (representation 3 with 
red lines), involving the “exploration of plausible multiple futures” (Maier et al. 2016). The 
concept of deep uncertainty can be introduced and exploratory scenarios can be proposed in 
an effort to answer the question ‘What can happen in the future?’ In fact, in terms of decision 
support models, deep uncertainty is described as having the following characteristics (Maier 
et al. 2016 referring to Lempert and Groves 2010, and Walker et al. 2013): “[being] a situ‑
ation where the analysts do not know, or at least the different parties interested in the deci‑
sion do not reach a consensus as to: (1) the appropriate models to describe the interactions 
between system variables; (2) the probabilistic distributions to represent the parameters of 
the models; and (3) how to assess the appropriateness of the results of the alternative solu‑
tions involved.” There will therefore be solutions featuring different trends arising from a 
number of plausible futures, which result from different assumptions when representing the 
conditions of the systems being studied.

The three paradigms can be combined as in Fig. 2b).
This systematization will allow the construction of an essential work base that includes 

uncertainty in the development of the responses that have to be created for future unknown 
conditions. There must be an awareness that definitive approaches will never be available. 
The information, the scientific technical knowledge, and the social perception as they exist 
today must be organized as well as possible, even at the risk of unsatisfactory hypotheses or 
gross approximations coming to light in the future. It is a quality of human action to meet 
the challenge of devising and anticipating ways of doing things. The opposite would be 
inaction.

3.3 Decision Support Models and Methods Under Uncertainty

Approaches based on estimates from historical series come to nothing if the future is dif‑
ferent from that represented by those series. It can even be said that a small deviation under 
the conditions laid down can have major consequences for the outcome of the implemented 
decisions.

In the literature (Walker et al. 2013) four possibilities have been considered for this pur‑
pose. The first two include:
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 ● Planning to resist what would be the worst‑case scenario from the standpoint of decision 
makers. These would be extremely costly decisions and we might end up with the prob‑
lems mentioned above. The solutions implemented might not work when the so‑called 
“black swans” (big surprises) happen (see Bellomo et al. 2013).

 ● Planning for the resilience of systems. Solutions should be built that will allow the rapid 
retrieval of systems for any future situation. This approach is usually applied to short‑
term decisions.

In Walker et al. 2013, and in Maier et al. 2016, and also in the most recent contributions 
to the literature, the idea is that the decisions to be implemented ought to lead to robust 
results (e.g. Roach et al. 2016; Watson and Kasprzyk 2017). The evaluation of robustness 
will always be linked to the good performance of the solution under multiple future condi‑
tions. Thus, there are two other approaches, static robust approaches, and dynamic robust 
approaches:

 ● Static robust solutions are those that work with a satisfactory level of efficiency (with a 
range of levels of satisfaction to be tried) for a wide and varied number of hypotheses 
and models constructed based on the best available knowledge and what we can sense 
about the future (Cunha and Sousa 2010; Zeferino et al. 2012). Tools are used to define 
the solution that best serves a plausible set of proposed future scenarios simultaneously. 
This approach, used by a large number of authors, does not include the idea of   adapta‑
tion along the planning lifespan.

 ● Dynamic robust approaches overcome the limitations relating to the adaptive charac‑
teristics of the solutions outlined in the previous approach. In this case, the solutions 
are designed so that they can be re‑examined and adapted over time as new information 
becomes available, and several directions of development are possible. The systems, 
therefore, become less vulnerable to possible future changes. Decision makers will 
be able to accommodate differences in understanding the systems and their dynam‑
ics, and the various established intervention priorities, which might become clearer as 
time passes. Physical, environmental, social, and economic, as well as governance and 
policy‑making issues in general, can be covered here. These solutions are characterized 
by prudence and flexibility. There is a clear shift from the paradigm based on forecasting 
and planning, relying on currently available knowledge, to the management paradigm 
through learning (Larson et al. 2015), embedding in the systems the ability to react to 
moments of unpredictability and unanticipated risks (Marques et al. 2018; Cunha et 
al. 2019). Various options can be developed, and over time it is possible to move from 
one option to another if new information gathered in the meantime suggests this should 
happen.

Regarding the science and engineering of adaptation, the solutions to be adopted must 
be intrinsically flexible (de Neufville and Scholtes 2011, Creaco et al. 2014, Basupi and 
Kapelan 2015, Spiller et al. 2015, Cunha et al. 2019). This means that capacity can be cre‑
ated to incorporate any new information that becomes available over the envisaged opera‑
tional horizon. The paths to adaptation are varied, must be analysed, and can intersect over 
time. The success of adaptation processes lies in understanding all the aspects involved in 

1 3

2280



Water and Environmental Systems Management Under Uncertainty:…

creating mechanisms to manage the reorganization capacity of the systems in response to 
uncertain futures (Fletcher et al. 2017, 2019; Herman et al. 2020, Cohen et al. 2021).

There is a range of models and methods that cover the issues described (Moallemi et al. 
2018, Marchau et al., 2019). The following are active areas of research on decision mak‑
ing in uncertain futures: multicriteria decision analysis (Sholten at al., 2014, Ilaya‑Ayza et 
al. 2017, Amorim et al. 2020, Cunha et al. 2020, Zolghadr‑Asli et al. 2021); multi‑/many‑
objective models (Giuliani et al. 2016; Trindade et al. 2017; Marques et al. 2018; Liu and 
Mauter 2021; Zaniolo et al. 2021); fuzzy approaches (Fu and Kapelan 2011); development 
of different types of metrics to evaluate the performance of different options (Herman et al. 
2015; Burak and Margat 2016; Zaniolo et al. 2018; McPhail et al. 2018); definition of regret 
functions and robustness measures (Cunha and Sousa 2010; Zeferino et al. 2014; Creaco et 
al. 2016); adaptation pathways (Buurman and Babovic 2016; Manocha and Babovic 2017); 
analysis of typing points (Gersonius et al. 2015); use of concepts such as info‑gap (Roach et 
al. 2016), or real options (Buurman et al. 2009, de Neufville and Scholtes 2011, Zhang and 
Babovic 2012, Marques et al. 2015, Manocha and Babovic 2018).

Participatory processes are important for the success of any planning process. Stakehold‑
ers are an important part of the decision‑making process under uncertainty. Together with 
universities and other knowledge‑producing centres and policy makers they can be quite 
influential in terms of developing actions for sustainability. Communication materials have 
to be prepared, and surveys and questionnaires should be developed to get agreement on the 
objectives to be considered, assumptions to be used and priorities to be assigned to decision 
making.

4 Conclusion

There are many trends and directions of change, climate and non‑climate related, that will 
require careful preparation of new frameworks for managing the water and environmental 
systems of the future. The use of probabilities associated with future events, based on the 
historical series known today, is being widely debated and strongly challenged. Therefore, 
new terms such as “plausible multiple futures” and “deep uncertainty” have been appearing. 
Deciding in a context of such complexity could involve:

 ● Learning about the processes that engender the responses to external stimuli and that 
will be the basis for developing controlled actions for the management of environmental 
systems.

 ● Using simulation models to “accurately” represent cause and effect relationships;
 ● Moving from statistical uncertainty to scenario uncertainty approaches.
 ● Using techniques to develop future scenarios; considering different levels of uncertainty 

that manifest themselves at different times in the decision-making process.
 ● Exploring different futures and assessing the impacts of assumptions.
 ● Fitting uncertainty issues into the decision processes.
 ● Defining sustainable solutions to be economically, environmentally, and socially accept‑

able in the long term, and also robust across all scenarios. This means they should func‑
tion satisfactorily in a wide variety of future states of the world or scenarios.
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 ● Defining flexible solutions that must be able to adapt over time to future situations 
unknown today. To be adaptable, the solutions should consider a wide range of uncer‑
tainties relating to key aspects of how the systems function, and connect short‑term 
objectives with long‑term plans, leaving open options that allow today’s solutions to be 
reviewed whenever new information becomes available.

 ● Including participatory processes involving stakeholders together with universities and 
other knowledge‑producing centres and policy makers.

The work should be developed with the idea that the models will always be incomplete in 
processes that are hard to grasp and whose conceptualization is complicated. These limita‑
tions should always be kept in mind when developing informed decision‑making processes.

Author Contribution Not applicable (there is only one Author).

Funding Author acknowledge the support of national funds through FCT, under the project UID/
EMS/00285/2020.
Open access funding provided by FCT|FCCN (b‑on).

Availability of Data and Materials Not applicable.

Declarations

Ethical Approval Not applicable.

Consent to Participate Not applicable.

Consent to Publish Not applicable.

Competing Interests The author has no relevant financial or non-financial interests to disclose.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, 
and indicate if changes were made. The images or other third party material in this article are included in the 
article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is 
not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Amaranto A, Juizo D, Castelletti A (2022) Disentangling sources of future uncertainties for Water Man‑
agement in Sub‑Saharan River basins. Hydrol Earth Syst Sci 26(2):245–263. https://doi.org/10.5194/
hess‑26‑245‑2022

Amorim JMBS, Bezerra S, de Silva TM, de Sousa MM, L. C. O (2020) Multicriteria decision support for 
selection of Alternatives Directed to Integrated Urban Water Management. Water Resour Manage 
34(13):4253–4269. https://doi.org/10.1007/s11269‑020‑02671‑9

Basupi I, Kapelan Z (2015) Flexible water distribution system design under future demand uncertainty. J 
Water Resour Plan Manag 141(4):4014067

Beh EHY, Zheng F, Dandy GC, Maier HR, Kapelan Z (2017) Robust optimization of water infrastructure 
planning under deep uncertainty using metamodels. Environ Model Softw 93:92–105. https://doi.
org/10.1016/j.envsoft.2017.03.013

1 3

2282

http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.5194/hess-26-245-2022
http://dx.doi.org/10.5194/hess-26-245-2022
http://dx.doi.org/10.1007/s11269-020-02671-9
http://dx.doi.org/10.1016/j.envsoft.2017.03.013
http://dx.doi.org/10.1016/j.envsoft.2017.03.013


Water and Environmental Systems Management Under Uncertainty:…

Bellomo N, Herrero MA, Tosin A (2013) On the dynamics of social conflicts: looking for the black swan. 
Kinetic & Related Models 6(3):459–479

Beven K, Binley A (1992) The future of distributed models: model calibration and uncertainty prediction. 
Hydrol Process 6:279–298

Burak S, Margat J (2016) Water Management in the Mediterranean Region: concepts and policies. Water 
Resour Manage 30:5779–5797. https://doi.org/10.1007/s11269‑016‑1389‑4

Burnham M, Ma Z, Endter‑Wada J, Bardsley T (2016) Water Management Decision Making in face of Mul‑
tiple forms of uncertainty and risk. Journal of the American Water Resources Association, 52(6), 2016, 
1366–1384. https://doi.org/10.1111/1752‑1688.12459

Buurman J, Babovic V (2016) Adaptation pathways and real options analysis: an approach to deep uncer‑
tainty in climate change adaptation policies. Policy and Society 35(2). https://doi.org/10.1016/j.
polsoc.2016.05.002

Buurman J, Zhang S, Babovic V (2009) Reducing risk through real options in systems design: the case of 
architecting a maritime domain protection system. Risk Anal 29(3):366–379

Cohen JS, Herman JD (2021) Dynamic adaptation of water resources systems under uncertainty by learn‑
ing policy structure and indicators. Water Resources Research, 57, e2021WR030433. https://doi.
org/10.1029/2021WR030433

Creaco E, Franchini M, Todini E (2016) The combined use of resilience and loop diameter uniformity as a 
good indirect measure of network reliability. Urban Water Journal 13(2):167–181

Creaco E, Franchini M, Walski T (2014) Accounting for phasing of construction within the design of water 
distribution networks. J Water Resour Plan Manag 140(5):598–606

Cunha M, Marques J, Creaco E, Savic DA (2019) Dynamic adaptive Approach for water distribution 
Network Design. J Water Resour Plan Manag 145(7):04019026. https://doi.org/10.1061/(ASCE)
WR.1943‑5452.0001085

Cunha M, Marques J, Savić D (2020) A flexible approach for the reinforcement of water networks using 
multi‑criteria decision analysis. Water Resour Manage 34(14):4469–4490. https://doi.org/10.1007/
s11269‑020‑02655‑9

Cunha MC, Sousa J (2010) Robust design of water distribution networks for a proactive risk management. J 
Water Resour Plan Manag 136(2):227–236

De Neufville R, Scholtes S (2011) Flexibility in Engineering Design. Engineering Systems. MIT Press, Engi‑
neering Systems, p 293

Fletcher S, Lickley M, Strzepek K (2019) Learning about climate change uncertainty enables flexible water 
infrastructure planning. Nat Commun 10:1–11

Fletcher SM, Miotti M, Swaminathan J, Klemun M, Strzepek KM, Siddiqi A (2017) Water supply infra‑
structure planning: decision-making framework to classify multiple uncertainties and evaluate flexible 
design. J Water Resour Plan Manag 143:04017061

Fu G, Kapelan Z (2011) Fuzzy probabilistic design of water distribution networks. Water Resour Res 
47(5):W05538. https://doi.org/10.1029/2010WR009739

Gersonius B, Ashley R, Jeuken A, Pathinara A, Zevenbergen C (2015) Accounting for uncertainty and flexi‑
bility in flood risk management: comparing Real-In-Options optimisation and adaptation tipping points. 
J Flood Risk Manag 8(2):135–145

Giudici F, Castelletti A, Giuliani M, Maier HR (2020) An active learning approach for identifying the small‑
est subset of informative scenarios for robust planning under deep uncertainty. Environmental Model‑
ling & Software, p 104681

Giuliani M, Castelletti A, Pianosi F, Mason E, Reed PM (2016) Curses, tradeoffs, and scalable management: 
advancing evolutionary multiobjective direct policy search to improve water reservoir operations. J 
Water Resour Plan Manag 142:04015050

Haasnoot M (2013) Anticipating change: sustainable water policy pathways for an uncertain future. Univer‑
sity of Twente, Enschede

Haasnoot M, Middelkoop H (2012) A history of futures: a review of scenario use in water policy studies in 
the Netherlands. Environ Sci Policy 19–20(0):108–120. https://doi.org/10.1016/j.envsci.2012.03.002

Haasnoot M, van Deursen WPA, Guillaumee JHA, Kwakkel JH, van Beek E, Middelkoop H (2014) Fit for 
purpose? Building and evaluating a fast, integrated model for exploring water policy pathways. Envi-
ronmental Modelling & Software, 60, October 2014, 99–120

Hallegatte S, Shah A, Brown C, Lempert R, Gill S (2012) Investment decision making under deep uncer‑
tainty-‐application to climate change. World Bank Policy Research Working Paper (6193)

Heidrich O, Reckien D, Olazabal M, Foley A, Salvia M, de Gregorio Hurtado S, …, Dawson RJ (2016) 
National climate policies across Europe and their impacts on cities strategies. J Environ Manage 
168:36–45. https://doi.org/10.1016/j.jenvman.2015.11.043

Heitsch H, Romisch W, M (2003) Scenario reduction in stochastic programming. Comput Optim Appl 
24(2):187–206

1 3

2283

http://dx.doi.org/10.1007/s11269-016-1389-4
http://dx.doi.org/10.1111/1752-1688.12459
http://dx.doi.org/10.1016/j.polsoc.2016.05.002
http://dx.doi.org/10.1016/j.polsoc.2016.05.002
http://dx.doi.org/10.1029/2021WR030433
http://dx.doi.org/10.1029/2021WR030433
http://dx.doi.org/10.1061/(ASCE)WR.1943-5452.0001085
http://dx.doi.org/10.1061/(ASCE)WR.1943-5452.0001085
http://dx.doi.org/10.1007/s11269-020-02655-9
http://dx.doi.org/10.1007/s11269-020-02655-9
http://dx.doi.org/10.1029/2010WR009739
http://dx.doi.org/10.1016/j.envsci.2012.03.002
http://dx.doi.org/10.1016/j.jenvman.2015.11.043


M. d. C.  Cunha

Herman JD, Quinn JD, Steinschneider S, Giuliani M, Fletcher S (2020) Climate adaptation as a control prob‑
lem: review and perspectives on dynamic water resources planning under uncertainty.Water Resources 
Research, p.e24389

Herman JD, Reed PM, Zeff HB, Characklis GW (2015) How should robustness be defined for water systems 
planning under change? J Water Resour Plan Manag 141:04015012

Ilaya‑Ayza AE, Benítez J, Izquierdo J, Pérez‑García R (2017) Multi‑criteria optimization of supply schedules 
in intermittent water supply systems. J Comput Appl Math 309:695–703

Larson KL, White D, Gober P, Wutich A (2015) Decision‑making under uncertainty for Water Sustainability 
and Urban Climate Change Adaptation. Sustainability 7(11):14761–14784

DOI : 10.3390/su71114761
Lempert R (2013) Scenarios that illuminate vulnerabilities and robust responses. Clim Change 117(4):627–

646. https://doi.org/10.1007/s10584‑012‑0574‑6
Lempert RJ, Groves DG (2010) Identifying and evaluating robust adaptive policy responses to climate change 

for water management agencies in the american west. Technol Forecast Soc Chang 77(6):960–974
Liu Y, Mauter MS (2021) Marginal energy intensity of water supply. Energy Environ Sci 14:4533–4540
Loucks DP (2022) Meeting Climate Change Challenges: searching for more adaptive and innovative deci‑

sions. Water Resour Manage 1–11. https://doi.org/10.1007/s11269‑022‑03227‑9
Magini R, Boniforti MA, Guercio R (2019) Generating scenarios of cross‑correlated demands for modelling 

water distribution networks. Water 11(3):493
Maier HR, Guillaume JHA, van Delden H, Riddell GA, Haasnoot M, Kwakkel JH (2016) An uncertain 

future, deep uncertainty, scenarios, robustness and adaptation: how do they fit together? Environ Model 
Softw 81:154–164

Manocha N, Babovic V (2017) Development and valuation of adaptation pathways for storm water manage‑
ment infrastructure. Environ Sci Policy 77:86–97

Manocha N, Babovic V (2018) Sequencing infrastructure investments under deep uncertainty using Real 
Options Analysis. Water 10:229. https://doi.org/10.3390/w10020229

Marchau VAWJ, Walker EW, Bloemen PJTM, Popper SW (eds), Decision Making under Deep Uncer-
tainty - From Theory to Practice, 405p., Springer (2019) ISBN 978‑3‑030‑05251 https://doi.
org/10.1007/978‑3‑030‑05252‑2

Marques J, Cunha M, Savić D (2015) Using real options for an eco-friendly design of water distribution 
systems. J Hydroinformatics 17(1):20–35

Marques J, Cunha M, Savić D (2018) Many-objective optimization model for the flexible design of water 
distribution networks. J Environ Manage 226:308–319. https://doi.org/10.1016/j.jenvman.2018.08.054

McPhail C, Maier H, Kwakkel J, Giuliani M, Castelletti A, Westra S (2018) Robustness metrics: how are they 
calculated, when should they be used and why do they give different results? Earth’s Future 6:169–191

Mejia‑Giraldo D, McCalley JD (2014) Maximizing Future Flexibility in Electric Generation Portfolios. 
Power Systems, IEEE Transactions 29(1) 279‐288. https://doi.org/10.1109/TPWRS.2013.2280840

Milly PCD, Betancourt J, Falkenmark M, Hirsch RM, Kundzewicz ZW, Lettenmaier DP, Stouffer RJ (2008) 
Climate change. Stationarity is dead: whither water management? Science 319(5863):573–574

Moallemi EA, Elsawah S, Ryan MJ (2018) Model‑based multi‑objective decision making under deep uncer‑
tainty from a multi‑method design lens. Simulation Modelling Practice and Theory, 84, May 2018, 
pp.232–250

Montanari A (2005) Large sample behaviors of the generalized likelihood uncertainty estimation (GLUE) in 
assessing the uncertainty of rainfall runoff simulations, Water resources research, 41, 2005

Pahl‑Wostl C (2020) Adaptive and sustainable water management: from improved conceptual foundations to 
transformative change. Int J Water Resour Dev Taylor Francis Journals 36(2–3):397–415. https://doi.
org/10.1080/07900627.2020.1721268

Pahl-Wostl C, Jeffrey P, Isendahl N, Brugnach M (2011) Maturing the New Water Management paradigm: 
progressing from aspiration to practice. Water Resour Manage 25:837–856. https://doi.org/10.1007/
s11269‑010‑9729‑2

Pianosi F, Wagener T (2016) Understanding the time-varying importance of different uncertainty sources in 
hydrological modelling using global sensitivity analysis. Hydrol Process 30:3991–4003

Pollard SJT, Strutt JE, Macgillivray BH, Hamilton PD, Hrudey SE (2004) Risk analysis and management in 
the water utility sector. Process Saf Environ Prot 82(6):453–462

Roach T, Kapelan Z, Ledbetter R (2015) Comparison of info‑gap and robust optimisation methods for inte‑
grated water resource management under severe uncertainty. Procedia Eng 119:874–883. https://doi.
org/10.1016/j.proeng.2015.08.955

Roach T, Kapelan Z, Ledbetter R, Ledbetter M (2016) Comparison of robust optimization and Info‑Gap meth‑
ods for water resource management under deep uncertainty. J Water Resour Plan Manag 142(9):4016028

Rotmans J, De Vries B (1997) Perspectives on global change: the TARGETS approach. Cambridge Univer‑
sity Press, Cambridge, UK

1 3

2284

http://dx.doi.org/10.1007/s10584-012-0574-6
http://dx.doi.org/10.1007/s11269-022-03227-9
http://dx.doi.org/10.3390/w10020229
http://dx.doi.org/10.1007/978-3-030-05252-2
http://dx.doi.org/10.1007/978-3-030-05252-2
http://dx.doi.org/10.1016/j.jenvman.2018.08.054
http://dx.doi.org/10.1109/TPWRS.2013.2280840
http://dx.doi.org/10.1080/07900627.2020.1721268
http://dx.doi.org/10.1080/07900627.2020.1721268
http://dx.doi.org/10.1007/s11269-010-9729-2
http://dx.doi.org/10.1007/s11269-010-9729-2
http://dx.doi.org/10.1016/j.proeng.2015.08.955
http://dx.doi.org/10.1016/j.proeng.2015.08.955


Water and Environmental Systems Management Under Uncertainty:…

Scholten L, Schuwirth N, Reichert P, Lienert J (2014) Tackling uncertainty in multi‑criteria decision analysis 
– an application to water supply infrastructure planning. Eur J Oper Res 242(1):243–260. https://doi.
org/10.1016/j.ejor.2014.09.044

Spiller M, Vreeburg JHG, Leusbrock I, Zeeman G (2015) Flexible design in water and wastewater engi‑
neering – definitions, literature and decision guide. J Environ Manage 149:271–281. https://doi.
org/10.1016/j.jenvman.2014.09.031

Trindade B, Reed P, Characklis G (2019) Deeply uncertain pathways: Integrated multi‑city regional water 
supply infrastructure investment and portfolio management. Adv Water Resour 134:103442

Trindade B, Reed P, Herman J, Zeff H, Characklis G (2017) Reducing regional drought vulnerabilities and 
multi-city robustness conflicts using many-objective optimization under deep uncertainty. Adv Water 
Resour 104:195–209

Tscheikner‑Gratl F, Vasilis V, Schellart A, Moreno‑Rodenas A, Muthusamy M, Langeveld J, Clemens F, 
Benedetti L, Rico‑Ramirez M‑A, Carvalho RF, Breuer L, Shucksmithc J, Heuvelink GBM, Tait S 
(2019) Recent insights on uncertainties present in integrated catchment water quality modelling. Water 
Res 50:368–379

UKWIR (UK Water Industry research) (1998) A practical method for converting incertainty into headroom, 
UKWIR Rep. No.98/WR UKWIR Rep. No.98/WR/13/1, London., 1998.

Walker WE, Lempert RJ, Kwakkel JH (2013) Deep uncertainty. Encyclopedia of operations research and 
management science. Springer US, pp 395–402

Watson AA, Kasprzyk JR (2017) Incorporating deeply uncertain factors into the many objective search pro‑
cess. Environ Model Softw 89:159–171

WFD (2020) Directive 2000/60/EC Of the European Parliament and of the Council Establishing a Frame-
work for the Community Action in the Field of Water Policy; OJ L327, 22.12.2000; European Parlia‑
ment: Brussels, Belgium,

Zaniolo M, Giuliani M, Castelletti A (2021) Policy representation learning for multiobjec‑ tive reservoir 
policy design with different objective dynamics.Water Resources Research, 57, e2020WR029329.

Zaniolo M, Giuliani M, Castelletti AF, Pulido-Velazquez M (2018) Automatic design of basin-specific 
drought indexes for highly regulated water systems. Hydrol Earth Syst Sci 22:2409–2424

Zeferino J, Antunes AP, Cunha MC (2014) Regional wastewater systems design under population dynamics 
uncertainty. J Water Resour Plan Manag 140(3):322–331

Zeferino J, Cunha MC, Antunes AP (2012) Robust optimization Approach to Regional Wastewater System 
Planning. J Environ Manage 109:113–122

Zhang SX, Babovic V (2012) A real options approach to the design and architecture of water supply systems 
using innovative water technologies under uncertainty. J Hydroinformatics 14(1):13–29

Zolghadr‑Asli B, Bozorg‑Haddad O, Enayati M, Goharian E (2021) Developing a robust Multi‑Attribute 
decision‑making Framework to evaluate performance of Water System Design and Planning under Cli‑
mate Change. Water Resour Manage 35(1):279–298. https://doi.org/10.1007/s11269‑020‑02725‑y

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations. 

1 3

2285

http://dx.doi.org/10.1016/j.ejor.2014.09.044
http://dx.doi.org/10.1016/j.ejor.2014.09.044
http://dx.doi.org/10.1016/j.jenvman.2014.09.031
http://dx.doi.org/10.1016/j.jenvman.2014.09.031
http://dx.doi.org/10.1007/s11269-020-02725-y

	Water and Environmental Systems Management Under Uncertainty: From Scenario Construction to Robust Solutions and Adaptation
	Abstract
	1 Introduction
	2 Main Issues and Challenges for Future Water and Environmental Systems Management
	3 Decision-support Processes for Dealing with Uncertainty
	3.1 Simulation Models
	3.2 Levels of Uncertainty and Scenarios
	3.3 Decision Support Models and Methods Under Uncertainty

	4 Conclusion
	References


