
water

Commentary

From Analyses to Implementation and Innovation

Daniel P. Loucks

School of Civil and Environmental Engineering and Institute of Public Affairs Cornell University, Ithaca, NY
14850, USA; loucks@cornell.edu or dpl3@cornell.edu

Received: 10 March 2020; Accepted: 26 March 2020; Published: 30 March 2020
����������
�������

Abstract: Reviews of the water resource systems planning and management literature show
considerable interest in methodological issues and less so in implementation experiences. This paper
offers some thoughts on the use of our analysis tools in the political environment where water
management decisions are typically made. This paper also addresses the challenge of going beyond
analysis and synthesis to innovation. How can we extend our modeling methods so as to help
ourselves become more creative in the identification of potentially improved infrastructure design
and/or operating policies, and even of institutional changes, that we have otherwise not considered
or thought of?
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1. Introduction

This commentary is addressed to all of us who develop and apply various quantitative modeling
approaches designed to assist those responsible for managing water and related environmental
resources. This includes those of us trained in various disciplines that offer different perspectives and
contribute to identifying and analyzing alternative solutions in different ways, all aimed at forming
a more comprehensive estimate of the impacts that could result from decisions that might be made.

Those of us who have been involved in the use of systems analysis methods are aware
of the contribution these methods have made and are making in a wide range of applications,
including agriculture, defense, ecosystem management, education, environmental protection, industry,
law enforcement, medical care, resources management, transportation, and urban planning among
others. Systems analyses have been most helpful in addressing issues dominated by natural and
physical sciences and engineering. Yet such issues are usually addressed and resolved in a political
environment. This is certainly the case when planning, designing, and operating infrastructure for
managing water. This paper focuses on the implementation of systems analysis for informing the
largely political processes of deciding how best to manage our water resources. If the purpose of our
analyzing specific water resource systems is to implement change, then we, analysts, must get involved
in and cater to the political processes in which water management decisions are typically made.

Most of us will agree that while systems analysis methods, and each of the disciplines they come
from, have their limitations, they can introduce a certain objectivity into the political process of decision
making. Progress in managing water more effectively requires knowledge from the natural, social and
political sciences, economics and other disciplines. Of course, achieving change requires institutions
and political alignments in addition to the insights derived from scientific knowledge. Yet such scientific
objectivity can help achieve stakeholder acceptance of the identified options available and the inevitable
tradeoffs among the goals they may wish to obtain [1]. Such analyses can address uncertainties,
even uncertain uncertainties; they can estimate various impacts and tradeoffs among multiple system
performance measures; and they can help reveal unexpected consequences of particular policies and
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actions. We can use systems analysis methods to help identify plans and policies that achieve a balance
among multiple goals of multiple stakeholders. Simply stated, systems analysis methods have proven
themselves to be useful for addressing large, complex water management challenges and opportunities.
Results from such analyses can inform but, with rare exceptions, they have not proven very effective in
substituting for those responsible for decision making.

The art of applying systems analysis tools, especially to water management issues, is itself
inherently multi- and interdisciplinary. One can argue that it was borne in a multidisciplinary
environment [2]. Systems analysis approaches are designed to focus on the performance of entire
systems rather than each of their components, but just what components are or are not included
in a particular water resource system depends on the management issues being addressed and the
authorities given to the institutions involved. If the art of defining the system components and their
interactions is done well, and in collaboration with those involved in decision making so as to enhance
communication, gain trust, and ensure relevance, there is an excellent chance that the structured and
objective nature of the systems approach will provide information considered useful by those involved
in the decision-making process [3–5].

2. Mismatches

Water resource management issues arise when there are mismatches between what people
want or desire and what they are getting or observing. There seems to be a continuing stream of
such mismatches reported in the news media each day. They give proof that many of our water
management problems have become very large and very complex, technically and politically, and that
these mismatches can have substantial adverse consequences on our wellbeing as individuals and as
communities, and also on our environment. Addressing and reducing these mismatches is a challenge
given the uncertainties in supplies and demands. Without the aid of our analysis tools, it is considerably
more difficult to deal with such problems simply by, but not excluding, intuition or hunches [6].

Consider some headlines that have made the news in recent months as reported in Circle of Blue
<info@circleofblue.org>:

• Utilities in Colorado, US, prepare for water shortages amid the lowest mountain snowfall in
30 years.

• Volatile weather patterns cause rivers across Germany to overflow their banks.
• Southeast England may be at risk of water shortages following a year of dry weather.
• More than 200 flood alerts were in place across the UK, including several severe or “danger to life”

warnings. Fifteen rivers across England’s Midlands, Yorkshire, and Lancashire have reached their
highest levels ever recorded, and an estimated 3300 English homes have been flooded. Several
hundred homes in Wales were inundated as well.

• Somalia experiences its fourth consecutive failed rainy season, exacerbating the country’s instability.
• Disputes between Texas and Colorado and New Mexico over the Rio Grande and between Florida

and Georgia over the allocation of the water flowing from the Blue Ridge Mountains are being
addressed by the U.S. Supreme Court.

• Water shortages play a role in ongoing unrest across Iran.
• Drought, flooding, and other natural disasters threaten half of U.S. military bases worldwide.
• Taps have been on the verge of running dry in several major global cities, including Cape Town,

South Africa; Mexico City, Mexico; Melbourne, Australia; and Kabul, Afghanistan. the United
Nations claims this will happen to 2/3rds of the globe by the year 2025.

• Almost one-fifth of the world’s population, live in areas of physical scarcity, and 500 million
people are approaching this situation.

• Almost one quarter of the world’s population face economic water shortage due to
inadequate infrastructure.

info@circleofblue.org
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• Last year, the Mekong river’s waters dropped to the lowest in a century. The water has changed
to an ominous color and begun filling with globs of algae. Fish in the Mekong, the world’s largest
inland fishery, are emaciated.

• Glacier melt in western China increases, threatening the water supply of 1.8 billion people
• Tests results following a massive fish die-off in Iraq’s Euphrates River show high levels of bacteria

and heavy metals in the waterway.
• U.S. food trade increasingly depends on groundwater use that is not sustainable.
• Flooding and landslides in Belo Horizonte, Brazil, have killed over 50 people.
• Chemicals, including pesticide DDT, are found in the tissues of dolphins swimming in waters

flowing to the Great Barrier Reef.
• Heavy flooding in Madagascar displaces at least 16,000 people.
• A vessel runs aground on the Danube river in northern Bulgaria due to low water levels, blocking

a key shipping route.
• Ongoing research reveals the pervasiveness of polyfluoroalkyl substances (PFAS). These “forever

chemicals” are estimated to be in the bloodstream of 99 percent of Americans, and some scientists
believe that nearly all of the country’s surface water is likely contaminated.

The list could go on. What is clear is that there are many places and times where widespread
mismatches between the desired flows, levels, and qualities of water and what exists. The question
is what to do about issues such as these. It is the responsibility of water managers to address these
issues, and one way of identifying, analyzing, and evaluating alternative options is through the use of
systems analysis methods. Yet such analyses by themselves will not change anything. To effect change,
one has to perform such analyses in collaboration with those institutions having the responsibility and
authority to make water management changes in specific situations. Analysts need to address the goals
(as stated and as understood) of these institutions, recognizing that these goals can change during the
time analyses are being performed. Lawyers are useful participants in such efforts. They can translate
the results of our systems analyses into the legislation needed to enable changes. Skillful analysts
are those who can work in a multidisciplinary environment that may include engineers, economists,
ecologists, lawyers, planners, and politicians among others.

3. Water Resources Systems Analysis

No doubt everyone reading the papers in this series knows what systems analysis is, but I have to
admit that when I began studying this subject, no one knew much about what that term meant, except
for the fact that our military had a bunch of so-called “whiz kids” using systems analysis methods to
‘win’ the Vietnam war. (Clearly, systems analysis has its limitations!) I began studying this subject just
as the Harvard Water Program published their first book [2] showing how optimization and simulation
models running on computers could be used to address water resources management issues in ways
that integrated economics, hydrology, engineering and political science perspectives. Pretty neat and
pretty exciting!

Since then, we have been busy developing and applying many different types of modeling
methods, each having its strengths and weaknesses. So far, we have not found one best modeling
approach, and I am convinced that we will not. What we have been able to do because of improvements
in both model solution algorithms and computer technology is to address increasingly more complex
and comprehensive water resources management issues using a variety of methods. From the
perspective of a scientist and researcher, a primary role of systems analysis approaches is to contribute
to a better understanding of real-world water system performances, humans included, and how
they can be improved. From the perspective of a water manager, the primary role of systems
analysis methods is to provide quantitative information to help them do their job, i.e., support their
decision-making processes [7].
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Much of our water resources systems literature today focuses on new modeling approaches
(the hammers), often selecting data from particular rivers or basins or urban areas (the nails) to
illustrate how their hammers perform. This literature rarely addresses actual model implementations
in an institutional environment. However, that does not mean those implementations are not taking
place. Firms such as Danish Hydraulics Institute (DHI) and Deltares, and government agencies
such as US Environmental Protection Agency (USEPA) and US Army Corps of Engineers-Hydrologic
Engineering Center (USACE-HEC) here in the United States are heavily engaged in the implementation
of their models and software. The same applies for developers and users of Aquatool [8], CalSim [9],
IRAS [10], Riverware [11], WEAP [12,13], and other models used for planning and even real-time
operation. Experiences using these models are rarely written up and published in professional journals
so most of us cannot learn from those experiences. While I know all of us in this business of modeling
water resource systems enjoy inventing new hammers and applying them, going the extra step of
actually using them in a political decision-making environment is, in my view, even more fun, more
challenging, and certainly very educational. We model developers would all benefit if more of these
experiences were included in our literature, including the periodic reviews or assessments of the state
of the art of water resources systems modeling such as in [14–37].

4. Implementing Systems Analysis

So, what about the use of systems analysis in support of institutions involved in addressing water
management mismatches and making changes in the way water is managed? If I had to summarize my
experiences using systems analysis within decision-making processes, I would have to admit that while
the results of modeling almost always helped focus the debates on what decisions to make, the decisions
themselves were not exactly as I would have predicted. The relative importance of various objectives
or even the objectives themselves almost always changed during the planning and decision-making
processes, and sometimes even immediately after those process ended. (For example, one month after
the completion of a national water resources infrastructure development plan, the country’s president
died, and the new president and his new department ministers decided to discard that three-year effort
carried out by a previous administration, giving the study to others do over again.) My conclusion
based on my limited experiences over some five decades is that one should expect such surprises and
be ready to adapt to them. All this is in part why, at least for me, these experiences have never been
boring and indeed have taught me more than I could have imagined when I began studying for this
profession [38].

The motivation to use systems analysis is to identify how to make something better, i.e., how to
reduce mismatches. To the extent that the results of the analyses are implemented and improvement
actually happens as predicted by the analyses is one measure of success. However, it is not the only
one in my opinion. A more achievable measure of success is the extent that the results of systems
analyses influences the debate on what to do to achieve improvement. An analysis can be superb
technically but if no one pays any attention to its results when debates are taking place about what
to do, I will judge it as being unsuccessful with respect to implementing change. Admittedly, it may
make a great journal paper. If it has an impact on our research in systems analysis methods, it can
certainly be considered successful with respect to that goal.

To affect change in how water is managed, however, we need to do our modeling and analyses so
as to have buy in. For this, we need to produce results that are not only deemed useful, and timely,
but also simultaneously enhance the salience, credibility, and legitimacy of the insights that they
produce. To accomplish this requires, at a minimum, staying in close contact with those involved in
decision making throughout the decision-making process. Further, that is not always easy. As just
mentioned, goals, constraints, system boundaries, and even stakeholders can change during the period
of analysis. An awareness of institutional goals and constraints is critical, and again these will likely
change. Stated objectives may differ from what is really desired. Stakeholders and decision makers
can change over time, and thus their goals may change. They may really not know what they will
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want until they know better what they can have and do, perhaps informed by information coming
from various analyses taking place over time. Two-way communication between us, analysts, and our
clients needs to be maintained throughout the period of developing, using and solving models if we
hope to be useful in influencing the debate about what decisions to make.

5. Infrastructure

Water management is accomplished through the design and operation of water infrastructure that
permits us to alter the temporal and spatial distribution of water and its quality and the benefits derived
from the various uses of it. Infrastructure can include water and wastewater distribution and collection
systems, treatment plants, surface and subsurface storage, pumps, canals, aqueducts, cisterns, rain
gardens, flood protection measures, and facilities for generating hydropower, cooling, navigation,
and rainwater harvesting. Most analyses of water resource systems are focused on addressing what,
if any, infrastructure to develop and/or operate, where (siting), when (staging), to what extent (capacity),
and why.

Water infrastructure can provide important benefits to society, but it can also generate adverse
impacts as well. Today, the flows of water and sediment in over two-thirds of the world’s major
rivers are altered by dams, diversions, and levees. Close to 1000 new dams are planned or under
construction just in South America, in Southeast Asia, and in China. This expansion of dams and
associated infrastructure is driven by the need to better satisfy agricultural, domestic and industrial
demands for reliable water supplies, for more energy, for recreational opportunities, for reduced
risks of damages from droughts and floods, among other purposes. However, dams and levees,
for example, can alter the geomorphology of rivers and the functioning of wetland ecosystems including
fish habitats, and downstream deltas. Due to population increases and accompanying increases in
demands for water, many more dams are being built and for sure, along with their benefits will be
their adverse impacts [39].

Our water resources systems analysis literature is full of papers exploring the use of particular
methods for identifying, analyzing and evaluating infrastructure and policies for, for example,
responding to floods, droughts, and other catastrophic events, restoring ecological habitats, preventing
pollution, meeting domestic and industrial water supply and water quality demands, generating
power, providing recreational opportunities, meeting energy and agricultural demands, and informing
and educating the public on water issues. Many of these water management issues are driven by
a changing climate that is bringing us more frequent and more intense storms, floods, droughts,
and corresponding land erosion and pollution [40]. Adding to these stresses on our water resource
systems are the increasing demands for adequate, reliable, clean and inexpensive supplies of water and
for reducing the discharges of a wide range of pollutants that are threating human and ecosystem health.
Our early literature mostly focused on models with economic objectives and constraints. However,
even if estimated net benefits may have to be positive, it seems to me that many agencies managing
water today are less interested in improving economic efficiency or effectiveness as in minimizing
the chances of being criticized for doing the wrong thing and in making sure they are spending the
money allocated and available to them. This suggests we need to acknowledge not only economic and
hydrologic uncertainty but also institutional and political behavior. We often tend to beat to death
the former, because we can, and ignore the latter, because it is much harder. It is hard to know what
political/institutional uncertainties to consider when we do not even know what they could be, let along
their probabilities. It is hard to guess how objectives and constraints, and indeed human behavior, may
change over time, and what future generations, many of whom are not yet alive, will want us to do for
them as we develop infrastructure today that will exist for a long time. Further, when we do think
we know what future generations would want from us, such as reduced greenhouse gas emissions,
some alive today will object. There are no ‘optimal’ solutions no matter what goals are used to rank
alternatives. We often have to settle for any change in policies that seems feasible and compatible with
how implementing institutions work and that stakeholders will support. I know all of this is not new
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to anyone involved in practicing the art of water resources systems analysis or engineering. However,
it reinforces the argument on how essential it is to perform these analyses in collaboration with our
clients if we expect to inform and even influence their decisions. Decisions related to water resources
planning and management are made by people in their institutional environments, not by models or
algorithms, especially those developed and solved without client involvement.

6. Challenges

It is always fashionable to use the word ‘complex’ when describing the systems we are analyzing.
Nevertheless, is fair to say that many of the water resource systems being analyzed in recent years
really are complex. It is one thing to use optimization for identifying the dimensions of a least-cost
n-sided (n ≥ 3) water storage tank as part of an urban water storage and distribution network. This is
not a complex problem. However, interestingly, the solution always shows that the minimum total
cost results when two-thirds of the tank’s total cost is associated with its sides. Knowing this means
that we do not need to use optimization models for identifying the dimensions of least-cost tanks.
Having such rules of thumb is rare for the systems we are typically asked to study. Without the use
of systems analysis methods, it is hard to imagine how else we would estimate the values of all the
design and operating decision variables and resulting performance measures we need to be able to
improve system design and operation.

Consider, for example, part of the water distribution system for the US city of Houston, in Texas.
Houston is a small city compared to some of the world’s largest cities, but it is still complex. Its water
and sewer system covers a service area of some 640 square miles and consists of over 7500 miles of
drinking water and over 6500 miles of wastewater networks. Issues facing the managers of this system
include handling the risk of being overwhelmed by floods and having to flush untreated wastewater
into surface waters, thereby putting the public at risk of disease and infection. Prolonged power
outages could further stress the system’s ability to operate. Power outages could shut down some of
the city’s 380 pump stations. If there is no power, there is no water. In addition, over time, distribution
networks break and when they do there is a risk of drinking water supplies becoming contaminated
and people becoming sick. Every city in the world faces such challenges. Learning how to address
such problems efficiently and effectively over time is clearly a complex challenge [41].

For another example, consider the US state of California. Hundreds of dams, many aquifers and
pumping stations, and tens of thousands of kilometers of aqueducts, service a variety of agricultural,
commercial, industrial, residential, environmental and ecological water demands throughout the state.
These demands include water for instream flows, wetlands, and for maintaining cool or warm water
temperatures depending on the local aquatic species of concern. This complex system is managed by
numerous federal and state agencies and local water districts and suppliers. Some of these institutions
have project management authority and others have regulatory authority. Their water management
decisions impact millions of water users each day. They also impact the state’s food, energy, industrial
and public health sectors. One can be justified by calling even a small part of California’s water resource
system complex. Many within California have been involved in the development and implementation
of models for analyzing and evaluating various alternative designs and operating policies of major
parts of California’s water resource infrastructure. They have done this in close collaboration with
appropriate federal and state and local agencies and to their credit have had a beneficial impact on the
management of the state’s water [42,43].

These are just two examples of what I would call complex systems. They are made up of multiple
interacting components, both physical and institutional, and have hundreds of decision variables that
managers can assign values to when attempting to satisfy the multitude of objectives people want
from the system. They must make their decisions under all the uncertainties of future water supplies
and demands [44,45].

Adding to the complexity of many water resource systems are their links to the energy sector.
The energy required to transport, clean, and heat water is estimated to consume approximately



Water 2020, 12, 974 7 of 11

13 percent of US’s total national energy supply. As more communities turn to desalination and water
recycling technologies the energy embedded in each unit of treated water will rise. At the same
time, continued use of coal and nuclear material will further strain water supplies. The energy sector
consumes more water for thermoelectric cooling than any other sector, at least in the United States.
Rising energy use and prices will drive up the use and price of water and vice versa. Surely this will
occur as the future demands for both water and energy increase.

Because of multiple challenges such as these, there has been a push toward using systems
analysis methods to address how to develop and manage increasingly integrated water-energy-food-
environmental resource systems. However, efforts to achieve greater integration often run up against the
lack of institutions having overall responsibilities for managing water supply, wastewater treatment,
stormwater management, flood control, energy and agriculture linkages, and habitat restoration
especially if these issues cross political boundaries. The lack of such institutions does not negate the
value of learning how better to manage water and related resources, including working with nature
and thereby benefiting from sustainable ecosystem services that a healthy environment can provide.
Who knows, perhaps such studies will motivate institutional cooperation if not change.

7. From Analysis to Innovation?

Systems analysis tools give us some useful tools for helping us plan, design, manage and operate
more effective systems. However, they cannot generate suggestions on what we should also be thinking
about in addition to what we have been thinking about and including in our models. Our analysis
methods do not have the creative capacities that our human brains have. When computer technology
became available for developing and using menu-driven graphics interfaces allowing direct interaction
between the models and the model users, some of us got excited about the potential of directly
involving stakeholders and decision makers in the analyses of various water resource systems. Many of
us believed that generating pictures that could show the impact of various design and management
decisions or assumptions they might want to explore, and providing the interactivity that would allow
them to explore and get estimates of the impacts of different decisions they might make, would give
them a better understanding of the system being modeled and how it might work. Such interactive
visual displays would also let them explore how they might improve system performance, and indeed
help them think about options that could be ‘outside the box.’ In other words, help them innovate.

We even got fancy with respect to performing sensitivity analyses and displaying uncertainty.
Our displays were clear, understandable, and colorful. Sometimes, we witnessed users even believing
what they were seeing, ignoring the fact that the models creating the graphical and pictorial displays
were approximations of reality. It was fun developing and using such tools in a participatory
environment [46–48]. Of course, today almost every model used to analyze water resource systems
incorporate interactive, graphics-based, interfaces. They remain approximations of reality. (Sound and
smell and touch are coming!)

But what we, modelers and analysts, have not done yet is to figure out how to make our
models suggest planning and management options other than what they are programmed to consider.
Right now, our models can only inform us about a system we have defined in some general way. To
return to our simple tank example, any model for finding the dimensions of a tank is not going to
suggest alternatives that might negate the need for that tank. Similarly, if we are modeling a proposed
reservoir, say on the Mekong or Nile Rivers, in addition to learning how fast it may fill with sediment
under different hydropower production and sediment management policies, would it not be nice if
our model could suggest other sites, other designs and other options, such as the use of solar panels
for generating power, that might be preferable to what has been modeled, and show the appropriate
impacts of those panels regarding costs, power production and sediment and fish passage [49].

In short, models can analyze and synthesize but they cannot yet innovate. They cannot suggest
different systems boundaries or components. They cannot suggest different components or policies
or options that we have not already included in them. Yet humans can think and create new ideas
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that are outside the scope of any particular model. How can we develop models that help humans do
this? Some are exploring the use of games. Some are suggesting interactive evolutionary computation,
maybe coupled to artificial intelligence (and even to the use of LSD). Also waiting to be used in more
creative and innovative ways are massive data, Google search engines and their ability to access all the
information available on the Internet, Google Earth, voice recognition (that kids take for granted when
asking their cell phones questions), parallel cloud computing, and even three-dimensional virtual
reality environments that stakeholders can step into and interact with [50,51]. (We can dream!).

I am not at all optimistic about our ability to model and predict human behavior, but with
such enhanced interfaces, stakeholders—including decision makers—involved in the use of our
computer-based models can predict how they might react to and behave given some possible future
scenario. We, model builders and analysts, can then observe what questions are asked and what
decisions are made by real humans before and during simulations of a water system. If nothing else,
this information should improve our water resources planning and management in the future.

8. The Future

A crisis in water is no longer an abstraction for many. Climate change, underfunded and aging
infrastructure, outdated or limited management approaches and institutional authorities, and the pressures
of urbanization and the growing demands for food and energy are stressing water infrastructure worldwide.
Aging infrastructure, growing populations and shifting patterns of settlements, and increasing costs are
all making water management one of leading infrastructure challenges in many regions of our planet.
A changing climate is skewing precipitation patterns that guided earlier engineering and making water
scarcity and water-related natural disasters topics of concern almost everywhere.

Populations, especially in urban centers, are often impacted by inadequate water quality.
The most serious clean water issues occur in water bodies where older combined sewers, diffuse
non-point urban stormwater, and growing runoff of agricultural pollutants have remained largely
uncontrolled. Improvements to many of our receiving waters in North America, such as Chesapeake
Bay, the Everglades, the Great Lakes, the Gulf of Mexico, Puget Sound, and the San Francisco Bay-Delta,
will require multistakeholder strategies using insights derived from the application of our best and
most appropriate systems analysis tools.

Losses in water-related biodiversity continues, from pressures to divert critical water supplies to
agriculture and urban uses, and from the loss of wetlands and other critical water habitats. Learning
to use green infrastructure—and the services that such functioning ecosystems offer, from fisheries
and recreation to water purification and flood protection—is increasingly gaining acceptance in water
resource management agencies. Disputes over regulating base flow water levels essential to commercial
and non-commercial fish species are common throughout much of the world.

Changes in our climate are now altering hydrologic cycles and impacting how water is being
managed. The variability of water supplies has increased and hence the reliability of those supplies
has decreased. These trends will no doubt continue into the future. Warmer temperatures and
changing precipitation patterns are reducing annual snowpacks and increasing evaporation, reducing
the performance of reservoirs and the services provided by watersheds. Increasing weather extremes
will stress not only humans but also wildlife and natural systems. Sea level rise and higher intensity
storms will steadily increase risks of coastal and inland flooding. Adapting to these impacts will
challenge all of us. We face these challenges at a time when the limited financial resources available
to pay for the needed water infrastructure calls for management decisions that are more cost and
socially effective, perhaps in addition to being just politically feasible. We, analysts, should be able to
contribute to this effort. Our most compelling contribution is our systematically gathered, analyzed
and objectively interpreted information. Our job, as I see it, is to identify alternative plans, designs or
policies, that are politically feasible and identify the tradeoffs, if any, with respect to what is expected or
desired by all stakeholders. This includes effectively communicating this information to those engaged
in the political decision-making process of policy implementation. The political environment in which
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we use our analyses to inform water managers can dictate the choice of the systems analysis methods
we use and how our technical support influences the decision-making process and its outcomes.

Finally, one can analyze the scientific aspects of water resource systems in increasing detail all
day, every day, but if these quantitative analyses do not take into account the qualitative stakeholder,
decision maker and institutional biases, emotions and opinions, the result will likely fail to influence
how water will be managed. We, modelers, need to figure out how the information we produce can
have a greater beneficial impact in the real, as opposed to just the published, world. The answer is not
in paying attention to either the current research on modeling methods or on aspects that enhance
real-world implementation and impact, it is in considering both of these activities together [52].

Funding: This research received no external funding.
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References

1. Polasky, S.; Kling, C.L.; Levin, S.A.; Carpenter, S.R.; Daily, G.C.; Ehrlich, P.R.; Heal, G.M.; Lubchenco, J. Role
of economics in analyzing the environment and sustainable development. Proc. Natl. Acad. Sci. USA 2019,
116, 5233–5238. [CrossRef]

2. Maass, A.; Hufschmidt, M.M.; Dorfman, R.; Thomas, H.A., Jr.; Marglin, S.A.; Fair, G.M. Design of
Water-Resource Systems: New Techniques for Relating Economic Objectives. In Engineering Analysis,
and Governmental Planning; Harvard University Press: Cambridge, MA, USA, 1962. [CrossRef]

3. Cash, D.W.; Adger, W.N.; Berkes, F.; Garden, P.; Lebel, L.; Olsson, P.; Pritchard, L.; Young, O. Scale and
cross-scale dynamics: Governance and information in a multilevel world. Ecol. Soc. 2006, 11, 8. [CrossRef]

4. Cash, D.W.; Clark, W.C.; Alcock, F.; Dickson, N.M.; Eckley, N.; Guston, D.H.; Jäger, J.; Mitchell, R.B.
Knowledge systems for sustainable development. Proc. Natl. Acad. Sci. USA 2003, 100, 8086–8091.
[CrossRef] [PubMed]

5. Daw, T.M.; Coulthard, S.; Cheung, W.; Brown, K.; Abunge, C.; Galafassi, D.; Peterson, G.D.; McClanahan, T.R.;
Omukoto, J.O.; Munyi, L. Evaluating taboo trade-offs in ecosystems services and human well-being.
Proc. Natl. Acad. Sci. USA 2015, 112, 6949–6954. [CrossRef] [PubMed]

6. Kahneman, D.; Klein, G. Conditions for intuitive expertise: A failure to disagree. Am. Psychol. 2009, 64, 515.
[CrossRef] [PubMed]

7. Moallemi, E.A.; Zare, F.; Reed, P.M.; Elsawah, S.; Ryan, M.J.; Bryan, B.A. Structuring and evaluating decision
support processes to enhance the robustness of complex human–natural systems. Environ. Model. Softw.
2020, 123, 104551. [CrossRef]

8. Andreu, J.; Capilla, J.; Sanchis, E. AQUATOOL, a generalized decision-support system for water-resources
planning and operational management. J. Hydrol. 1996, 177, 269–291. [CrossRef]

9. Draper, A.J.; Munévar, A.; Arora, S.K.; Reyes, E.; Parker, N.L.; Chung, F.I.; Peterson, L.E. CalSim: Generalized
model for reservoir system analysis. J. Water Resour. Plan. Manag. ASCE 2004, 130, 480–489. [CrossRef]

10. Matrosov, E.S.; Harou, J.J.; Loucks, D.P. A computationally efficient open-source water resource system
simulator-Application to London and the Thames Basin. Environ. Model. Softw. 2011, 26, 1599–1610.
[CrossRef]

11. Zagona, E.; Fulp, T.J.; Shane, R.; Magee, T.; Goranflo, M. RIVERWARE: A generalized tool for complex
reservoir system modeling. J. Am. Water Resour. Assoc. 2001, 37, 913–929. [CrossRef]

12. Stockholm Environment Institute (SEI); Water Evaluation and Planning System (WEAP). User Guide;
Stockholm Environment Institute: Somerville, MA, USA, 2005; ISSN 1913–1844. E-ISSN 1913-1852.

13. Yates, D.; Sieber, J.; Purkey, D.; Huber-Lee, A. WEAP21, A demand-priority-and preference-driven water
planning model, Part 1: Model characteristics. Water Int. 2005, 30, 487–500. [CrossRef]

14. Afshar, A.; Massoumi, F.; Afshar, A.; Mariño, M.A. State of the Art Review of Ant Colony Optimization.
Appl. Water Resour. Manag. 2015, 29, 3891–3904. [CrossRef]

15. Brown, C.M.; Lund, J.R.; Cai, X.; Reed, P.M.; Zagona, E.A.; Ostfeld, A.; Hall, J.; Characklis, G.W.; Yu, W.;
Brekke, L. The future of water resources systems analysis: Toward a scientific framework for sustainable
water management. Water Resour. Res. 2015, 51, 6110–6124. [CrossRef]

http://dx.doi.org/10.1073/pnas.1901616116
http://dx.doi.org/10.1097/00010694-196208000-00020
http://dx.doi.org/10.5751/ES-01759-110208
http://dx.doi.org/10.1073/pnas.1231332100
http://www.ncbi.nlm.nih.gov/pubmed/12777623
http://dx.doi.org/10.1073/pnas.1414900112
http://www.ncbi.nlm.nih.gov/pubmed/26038547
http://dx.doi.org/10.1037/a0016755
http://www.ncbi.nlm.nih.gov/pubmed/19739881
http://dx.doi.org/10.1016/j.envsoft.2019.104551
http://dx.doi.org/10.1016/0022-1694(95)02963-X
http://dx.doi.org/10.1061/(ASCE)0733-9496(2004)130:6(480)
http://dx.doi.org/10.1016/j.envsoft.2011.07.013
http://dx.doi.org/10.1111/j.1752-1688.2001.tb05522.x
http://dx.doi.org/10.1080/02508060508691893
http://dx.doi.org/10.1007/s11269-015-1016-9
http://dx.doi.org/10.1002/2015WR017114


Water 2020, 12, 974 10 of 11

16. Burges, S.J. Water resource systems planning in USA: 1776–1976. J. Water Resour. Plann. Manage. Div. 1979,
105, 91–111.

17. Cohon, J.L.; Marks, D.H. A review and evaluation of multiobjective programming techniques.
Water Resour. Res. 1975, 11, 208–220. [CrossRef]

18. Harou, J.J.; Pulido-Velazquez, M.; Rosenberg, D.E.; Medellin-Azuara, J.; Lund, J.R.; Howitt, R.E. Hydro-economic
models: Concepts, design, applications and future prospects. J. Hydrol. 2009, 375, 627–643. [CrossRef]

19. Labadie, J.W. Optimal Operation of Multireservoir Systems: State-of-the-Art Review. J. Water Resour. Plan. Manag.
2004, 130, 93–111. [CrossRef]

20. Lund, J.R. Prospects for systems analysis in an age of changing systems: Thoughts from a Saturday afternoon.
In World Environmental and Water Resources Congress Proceedings; Environment and Water Resource Institute:
Washington, DC, USA, 2010.

21. Maier, H.R.; Kapelan, Z.; Kasprzyk, J.; Kollat, J.; Matott, L.S.; Cunha, M.C.; Dandy, G.C.; Gibbs, M.S.;
Keedwell, E.; Marchi, A. Evolutionary algorithms and other metaheuristics in water resources: Current
status, research challenges and future directions. Envion. Model. Softw. 2014, 62, 271–299. [CrossRef]

22. Nandalal, K.D.W.; Simonovic, S.P. State-of-the-Art Report on Systems Analysis Methods for Resolution of Conflicts
in Water Resources Management; Division of Water Sciences, UNESCO: Paris, France, 2002.

23. Nicklow, J.; Reed, P.; Savic, D.; Dessalegne, T.; Harrell, L.; Chan-Hilton, A.; Karamouz, M.; Minsker, B.;
Ostfeld, A.; Singh, A.; et al. State of the Art for Genetic Algorithms and Beyond in Water Resources Planning
and Management. J. Water Resour. Plan. Manag. ASCE 2010, 136, 412–432. [CrossRef]

24. Razavi, S.; BTolson, A.; Burn, D.H. Review of surrogate modeling in water resources. Water Resour. Res. 2012,
48, W07401. [CrossRef]

25. Reed, P.M.; Hadka, D.; Herman, J.D.; Kasprzyk, J.R.; Kollat, J.B. Evolutionary multiobjective optimization in
water resources: The past, present, and future. Adv. Water Resour. 2013, 51, 438–456. [CrossRef]

26. Rogers, P.P.; Fiering, M.B. Use of systems analysis in water management. Water Resour. Res. 1986, 22,
146S–158S. [CrossRef]

27. Rosenberg, D.E.; Madani, K. Water Resources Systems Analysis: A Bright Past and a Challenging but
Promising Future. J. Water Resour. Plann. Manag. 2014, 140, 407–409. [CrossRef]

28. Simonovic, S.P. Tools for Water Management: One View of the Future. Water Int. 2000, 25, 76–88. [CrossRef]
29. Simonovic, S.P. Reservoir systems analysis: Closing gap between theory and practice. J. Water Resour. Plann.

Manag. 1992, 118, 262–280. [CrossRef]
30. Simpson, A.R.; Dandy, G.C.; Murphy, L.J. Genetic algorithms compared to other techniques for pipe

optimization. J. Water Resour. Plann. Manag. 1994, 120, 423–443. [CrossRef]
31. Solomatine, D.P. Genetic and other global optimization algorithms comparison and use in calibration

problems. In Proceedings of the 3rd International Conference on Hydroinformatics; Babovic, V., Larsen, L.C., Eds.;
Balkema: Rotterdam, The Netherlands, 1998; pp. 1021–1028.

32. Sulis, A.; Sechi, G.M. Comparison of generic simulation models for water resource systems. Environ. Model. Softw.
2003, 40, 214–225. [CrossRef]

33. Waage, M.D.; Kaatz, L. Nonstationary Water Planning: An Overview of Several Promising Planning Methods.
J. Am. Water Resour. Assoc. 2011, 47, 535–540. [CrossRef]

34. Wurbs, R.A. Comparative Evaluation of Generalized River/Reservoir System Models. TR-282; Texas Water Resources
Institute: College Station, TX, USA, 2005.

35. Wurbs, R.A. Computer Models For Water Resources Planning And Management, USA; IWR Report 94-NDS-7;
Army Corps of Engineers, Institute for Water Resources, Water Resources Support Center: Alexandria, VA,
USA, 1994.

36. Wurbs, R.A. Optimization of Multiple-Purpose Reservoir System Operations: A Review of Modeling and Analysis
Approaches; U.S. Army Corps of Engineers, Hydrologic Engineering Center: Davis, CA, USA, 1991; p. 34.

37. Yeh, W.W.-G. Reservoir Management and Operations Models: A State-of-the-Art Review. Water Resour. Res.
1985, 21, 1797–1818. [CrossRef]

38. Loucks., D.P.; Saito, L. Adventures in Managing Water: Real World Engineering Experiences; ASCE Press: Reston,
VA, USA, 2019; ISBN 978-0-7844-1533-7 (print), ISBN 978-0-7844-8227-8 (PDF), ISBN-10: 0784415331.

39. Leslie, J. After a Long Boom, an Uncertain Future for Big Dam Projects, Yale Environment 260, Yale School of
Forestry & Environmental Studies. Available online: https://e360.yale.edu/features/after-a-long-boom-an-
uncertain-future-for-big-dam-projects (accessed on 27 November 2018).

http://dx.doi.org/10.1029/WR011i002p00208
http://dx.doi.org/10.1016/j.jhydrol.2009.06.037
http://dx.doi.org/10.1061/(ASCE)0733-9496(2004)130:2(93)
http://dx.doi.org/10.1016/j.envsoft.2014.09.013
http://dx.doi.org/10.1061/(ASCE)WR.1943-5452.0000053
http://dx.doi.org/10.1029/2011WR011527
http://dx.doi.org/10.1016/j.advwatres.2012.01.005
http://dx.doi.org/10.1029/WR022i09Sp0146S
http://dx.doi.org/10.1061/(ASCE)WR.1943-5452.0000414
http://dx.doi.org/10.1080/02508060008686799
http://dx.doi.org/10.1061/(ASCE)0733-9496(1992)118:3(262)
http://dx.doi.org/10.1061/(ASCE)0733-9496(1994)120:4(423)
http://dx.doi.org/10.1016/j.envsoft.2012.09.012
http://dx.doi.org/10.1111/j.1752-1688.2011.00547.x
http://dx.doi.org/10.1029/WR021i012p01797
https://e360.yale.edu/features/after-a-long-boom-an-uncertain-future-for-big-dam-projects
https://e360.yale.edu/features/after-a-long-boom-an-uncertain-future-for-big-dam-projects


Water 2020, 12, 974 11 of 11

40. USGCRP. Climate Science Special Report: Fourth National Climate Assessment, Volume I.; Wuebbles, D.J.,
Fahey, D.W., Hibbard, K.A., Dokken, D.J., Stewart, B.C., Maycock, T.K., Eds.; U.S. Global Change Research
Program: Washington, DC, USA, 2017; p. 470. [CrossRef]

41. Menard, K.E. Houston-Texas A Big City with a Growing Thirst for Drinking Water, Texas AWWA, All Things
H2O, Issue. Available online: https://www.tawwa.org/blogpost/1203603/258815/Houston-Texas-A-Big-City-
with-a-Growing-Thirst-for-Drinking-Water (accessed on 5 March 2016).

42. Draper, A.J.; Jenkins, M.W.; Kirby, K.W.; Lund, J.R.; Howitt, R.E. Economic-engineering optimization for
California water management. J. Water Resour. Plann. Manag. 2003, 129, 155–164. [CrossRef]

43. Jenkins, M.W.; Lund, J.R.; Howitt, R.E.; Draper, A.J.; Msangi, S.M.; Tanaka, S.K.; Ritzema, R.S.; Marques, G.F.
Optimization of California’s Water System: Results and Insights. J. Water Resour. Plan. Manag. Asce 2004,
130, 271–280. [CrossRef]

44. Haimes, Y.Y. Modeling and Managing Interdependent Complex Systems of Systems; John Wiley & Sons: Hoboken,
NJ, USA, 2018; ISBN 978-1-119-17367-0.

45. Marchau, V.A.; Walker, W.E.; Bloemen, P.J.; Popper, S.W. Decision Making under Deep Uncertainty From Theory to
Practice; Springer: Berlin/Heidelberg, Germany, 2019; ISBN 978-3-030-05251-5. ISBN 978-3-030-05252-2 (eBook).
[CrossRef]

46. Assaf, H.; van Beek, E.; Borden, C.; Gijsbers, P.; Jolma, A.; Kaden, S.; Kaltofen, M.; Labadie, J.W.; Loucks, D.P.;
Quinn, N.W.; et al. Generic simulation models for facilitating stakeholder involvement in water resources
planning and management: A comparison, evaluation, and identification of future needs in environmental
modelling. In Software and Decision Support: The State of the Art and New Perspective; Jakeman, A., Voinov, A.,
Rizzoli, A.E., Chen, S., Eds.; IDEA Book Series; Elsevier: Amsterdam, The Netherlands, 2008; pp. 229–246.

47. Langsdale, S.; Beall, A.; Bourget, E.; Hagen, E.; Kudlas, S.; Palmer, R.; Werick, W. Collaborative modeling
for decision support in water resources: Principles and best practices. J. Am. Water Resour. Assoc. 2013, 49,
629–638. [CrossRef]

48. Palmer, R.N.; Cardwell, H.E.; Lorie, M.A.; Werick, W. Disciplined planning, structured participation,
and collaborative modeling: Applying shared vision planning to water resources. J. Am. Water Resour. Assoc.
2013, 49, 614–628. [CrossRef]

49. Wild, T.B.; Reed, P.M.; Loucks, D.P.; Mallen-Cooper, M.; Jensen, E.D. Balancing Hydropower Development
and Ecological Impacts in the Mekong: Tradeoffs for Sambor Mega Dam. J. Water Resour. Plann. Manag.
2019, 145, 05018019. [CrossRef]

50. Redpath, S.M.; Keane, A.; Andrén, H.; Baynham-Herd, Z.; Bunnefeld, N.; Duthie, A.B.; Frank, J.; Garcia, C.A.;
Månsson, J.; Nilsson, L.; et al. Games as Tools to Address Conservation Conflicts. Trends Ecol. Evol. 2018, 33,
415–426. [CrossRef]

51. Speelman, E.N.; van Noordwijk, M.; Garcia, C. Gaming to better manage complex natural resource landscapes.
In Coinvestment in Ecosystem Services: Global Lessons from Payment and Incentive Schemes; Namirembe, S.,
Leimona, B., van Noordwijk, M., Minang, P., Eds.; World Agroforestry Centre (ICRAF): Nairobi, Kenya, 2017.

52. Reuss, M. Coping with uncertainty: Social scientists, engineers, and federal water resources planning.
Nat. Resour. J. 1992, 32, 101.

© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.7930/J0J964J6
https://www.tawwa.org/blogpost/1203603/258815/Houston-Texas-A-Big-City-with-a-Growing-Thirst-for-Drinking-Water
https://www.tawwa.org/blogpost/1203603/258815/Houston-Texas-A-Big-City-with-a-Growing-Thirst-for-Drinking-Water
http://dx.doi.org/10.1061/(ASCE)0733-9496(2003)129:3(155)
http://dx.doi.org/10.1061/(ASCE)0733-9496(2004)130:4(271)
http://dx.doi.org/10.1007/978-3-030-05252-2
http://dx.doi.org/10.1111/jawr.12065
http://dx.doi.org/10.1111/jawr.12067
http://dx.doi.org/10.1061/(ASCE)WR.1943-5452.0001036
http://dx.doi.org/10.1016/j.tree.2018.03.005
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Mismatches 
	Water Resources Systems Analysis 
	Implementing Systems Analysis 
	Infrastructure 
	Challenges 
	From Analysis to Innovation? 
	The Future 
	References

