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In a predestinate world, decision would be illusory;

in a world of a perfect foreknowledge, empty,

in a world without natural order, powerless.

Our intuitive attitude to life implies

non-illusory, non-empty, non-powerless decision. ...

Since decision in this sense excludes both perfect foresight and anarchy in nature,
it must be defined as choice in face of bounded uncertainty.

— (George Shackle, Decision Order and Time in Human Affairs, 1961)



Preface

Information is a quantity, measurable in bits. Any piece of information can be expressed
in zeros and ones and any calculation can be performed by a simple computer reading
only zeros and ones. Gottfried Wilhelm Leibniz was justifiedly excited when in 1697 he
discovered the binary system and designed the medal for the Duke of Brunswick, depicted
on the front cover, to celebrate his discovery: “For all to spring from nothing, a oneness
suffices”

While the research leading to this thesis started as a study of water system operation
under uncertainty, it soon became an investigation into the role of information in that
process. Because information and uncertainty are quantities measured in the same unit,
the topic essentially remained the same, but with a more positive sound to it. I admit that
information theory in a broad sense has now come close to being my pet theory of the
universe, which might of course bias my view on its importance. This is also visible in the
contents of this thesis, whose central four chapters focus on the application of information
theory.

The law that entropy always increases, holds, I think, the supreme posi-
tion among the laws of Nature. If someone points out to you that your pet
theory of the universe is in disagreement with Maxwell’s equations - then
so much the worse for Maxwell’s equations. If it is found to be contradicted
by observation - well, these experimentalists do bungle things sometimes.
But if your theory is found to be against the second law of thermodynamics
I can give you no hope; there is nothing for it but to collapse in deepest
humiliation. - Arthur Stanley Eddington, The Nature of the Physical World
(1928)

In support of my pet theory, note that the second law of thermodynamics, celebrated in
the above quote, can be interpreted information-theoretically as a loss of information into
microscopical degrees of freedom that we usually cannot observe or control. Thermody-
namics can therefore be seen as a specific application of information theory. The second
law also defines the direction of time, which inevitably runs out before all questions are
answered.

New unanswered questions are also an inevitable by-product of answers, making curiosity
an addiction. This thesis therefore ends with an ellipsis rather than a period, because I
do not think its submission will cure my addiction. I would also like to apologize for the
unanswered questions that might feed the curiosity of its readers.
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Summary

ISK-BASED water system operation can be formulated as a problem of rational
decision making with incomplete information, which can be approached using
the interlinked fields of probability, decision and information theory. This thesis

presents a perspective from information theory, by focusing on selected issues for which
this theory can help understanding how information flows or should flow from observation
to decision.

Water system operation is the task of finding a sequence of decisions in time to influence
a water system in order to optimally benefit from it and minimize the risks, using real-
time information. An example is the operation of a hydropower reservoir, where the daily
releases should maximize the power production benefits, but balance this against flood
risks downstream by offering sufficient flood-storage, given forecasted inflows and present
state.

Uncertainty in forecasts plays an important role in the operation of water systems and
negatively affects the performance of their operation. Conversely, information reduces un-
certainty and therefore has a value for operation. Information theory offers a rigorous
framework to study information and uncertainty as quantities, but its application is not
widespread in water resources management. In this thesis, the risk based operation of
water systems is studied, with a specific focus on the role of information in this pro-
cess. Because probabilistic forecasts are often the interface between observations, model
outcomes and decisions, their evaluation is a key component of studying the flow of in-
formation. The information-theoretical perspective results in a number of new practical
techniques for the evaluation of forecasts, merging information from different sources, and
using the information in sequential decision processes.

The overall aim of this thesis is to develop methods for optimal risk based water system
operation. During the research, Shannon’s information theory was found to be a central
framework to study risk and decision making in the context of modeling and water system
operation procedures. This results in the following main research questions:

1. How does information play a role in optimal operation of water systems?
2. How can information be exploited optimally in decisions?

The nature of the research questions requires a theoretical approach to the problem.
This thesis combines fundamental results from the interlinked fields of information the-
ory, control theory and decision theory and applies them to problems in water resources
management, while maintaining an integrated view on the nature of information.
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X Summary

The outcomes of the research can be subdivided into two levels. Firstly, at the conceptual
level, the research tries to make a contribution to the debate about uncertainty analysis
philosophy and methods, which are important topics in current hydrological literature.
Secondly, at the applied level, the thesis presents a number of practical methods and
recommendations.

The conceptual contributions result from taking an information-theoretical perspective
on a number of open problems in hydrology and water resources management, notably
the evaluation of probabilistic forecasts and the calibration of models. It is shown why
forecasting should be seen as a communication process, where information is transferred
from the forecaster to the user, in order to reduce the uncertainty of the latter. The
quality of such forecasts can be measured using the expected Kullback-Leibler divergence
from the observations to the forecasts. This “divergence score” can be interpreted as
the remaining uncertainty of the user, after he has received the forecast. A new mathe-
matical decomposition of the divergence score is found that can be interpreted as “the
remaining uncertainty is equal to the initial uncertainty, minus the correct information,
plus the wrong information.” The correct information is bounded by the information in
the predictors, while the wrong information must be minimized in the model calibration
process. The decomposition is also used to demonstrate why deterministic forecasts are
theoretically unacceptable and should be replaced by probabilistic forecasts.

Furthermore, the roles of parsimony and purpose of models are analyzed in the context of
model calibration. Algorithmic information theory is used to shed light on the connection
between science and data compression and the link between the amount of information
and model complexity is discussed in this context. It is argued that the purpose of a
model should play no role in the choice of calibration objective, because it can both lead
to a reduction in the information that reaches the model from the data and to the model
learning from information that is not existing.

When information in probabilistic predictions is used to support sequential decision pro-
cesses, such as finding the sequence of optimal releases from a reservoir, the complex
time-dynamics of information become important. In that case, the information that will
become available in the future has an influence on the current optimal decision. Although
the information itself is not available for the current decision, it is possible to take into
account the fact that information will become available and benefits future decisions.
Because doing this explicitly is computationally intractable, approximate solutions are
necessary that estimate the future value of water, which must be balanced against the
benefits of immediate use.

The more practical contributions of this thesis include: a method to generate long lead
time weighted ensemble streamflow forecasts, based on information from El-Nino; a score
for verification of probabilistic forecasts that rewards maximum information extraction
from predictors; guidelines for optimization horizons in controller design for sequential
decision processes; and a method to study the increase in value of water due to more
informative predictions.



Samenvatting

ISICOGESTUURD operationeel waterbeheer is te formuleren als een zoektocht naar
R rationele beslissingen, gegeven onvolledige informatie. Hierbij kunnen de onder-
ling verbonden disciplines kansrekening, beslistheorie en informatietheorie worden
gebruikt. Dit proefschrift beoogt een informatie-theoretisch perspectief te bieden, door een
aantal problemen te belichten waarvoor informatietheorie een bijdrage kan leveren aan

het begrip en de verbetering van de informatiestroom van observatie naar beslissing.

Operationeel waterbeheer behelst het vinden, gebruikmakend van actuele informatie, van
een reeks opeenvolgende beslissingen, die een watersysteem zodanig beinvloeden dat er
maximaal van geprofiteerd kan worden, terwijl risico’s zo klein mogelijk worden gehouden.
Een voorbeeld is het aansturen van gemalen in poldersystemen, waarbij een voldoende
hoog waterpeil moet worden gehandhaafd voor onder andere de landbouw, maar inundatie
moet worden voorkomen door op tijd te pompen, daarbij rekening houdend met de huidige
systeemtoestand en anticiperend op eventueel voorspelde neerslag.

Onzekerheden in voorspellingen hebben een belangrijke invloed op het operationeel wa-
terbeheer en verminderen de beheersbaarheid van watersystemen. Omgekeerd geldt ook
dat informatie onzekerheid terugdringt en daardoor een waarde krijgt voor waterbeheer.
Informatietheorie biedt een wiskundig kader voor informatie en onzekerheid als meetbare
grootheden, maar is nog weinig toegepast in het waterbeheer. In dit proefschrift wordt het
risicogestuurd beheer van watersystemen onderzocht, waarbij de nadruk ligt op de rol die
informatie hierbij speelt. Omdat kansvoorspellingen vaak de verbinding vormen tussen
waarnemingen, modeluitkomsten en beslissingen, speelt hun evaluatie een sleutelrol bij
het onderzoeken van de informatiestromen. De informatie-theoretische blik resulteert in
nieuwe methoden voor het evalueren van voorspellingen, het samenbrengen van informatie
uit verschillende bronnen en het gebruik van informatie in sequentiéle beslissingsprocessen.

Het achterliggende doel van dit onderzoek is het ontwikkelen van methoden voor optimaal
risicogestuurd waterbeheer. Tijdens het onderzoek bleek de informatietheorie van Shannon
een centraal kader voor het onderzoek naar risico’s en beslisproblemen in de context van
modelleren en operationeel waterbeheer. Dit levert de volgende onderzoeksvragen op:

1. Welke rol speelt informatie bij optimaal operationeel beheer van watersystemen?
2. Hoe kan informatie optimaal worden benut voor beslissingen?

De aard van de onderzoeksvragen vraagt om een theoretische onderzoeksaanpak. Dit
proefschrift combineert een aantal fundamentele resultaten uit de informatietheorie, meet-
en regeltechniek en beslistheorie en past deze toe op problemen in het waterbeheer, terwijl
de aard van informatie steeds referentiekader en rode draad blijft.
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xii Samenvatting

De resultaten zijn te onderscheiden in twee abstractieniveaus. Op het eerste, conceptuele
niveau levert dit onderzoek een bijdrage aan de discussie over methoden en filosofie van
onzekerheidsanalyse van modellen. Deze discussie speelt een grote rol in de hedendaagse
hydrologische wetenschappelijke literatuur. Op het tweede, toegepaste niveau, presenteert
dit proefschrift een aantal praktisch toepasbare methoden en aanbevelingen.

De conceptuele bijdragen volgen uit een informatie-theoretische kijk op een aantal open-
staande problemen in de hydrologie en het waterbeheer, met name de evaluatie van
kansvoorspellingen en de kalibratie van modellen. Er wordt aangetoond waarom het
doen van voorspellingen als een communicatieproces beschouwd moet worden, waar in-
formatie wordt overdragen van de voorspeller op de gebruiker, om diens onzekerheid te
verminderen. De kwaliteit van zulke voorspellingen kan worden gemeten met de verwacht-
ingswaarde van de Kullback-Leibler divergentie van de waarnemingen tot de voorspellin-
gen. Deze zogenaamde “divergence score” is te interpreteren als de resterende onzeker-
heid van de gebruiker, nadat deze de voorspelling heeft ontvangen. Er wordt een nieuwe
wiskundige decompositie van de divergence score gepresenteerd, die in woorden kan wor-
den geinterpreteerd als “de resterende onzekerheid is gelijk aan de initiéle onzekerheid,
min de juiste informatie, plus de onjuiste informatie.” De juiste informatie is gelimiteerd
tot de informatie die aanwezig is in de voor de voorspelling gebruikte gegevens, terwijl de
onjuiste informatie moet worden geminimaliseerd in de modelkalibratie. De decompositie
wordt ook gebruikt om aan te tonen waarom deterministische voorspellingen theoretisch
gezien onacceptabel zijn en vervangen moeten worden door kansvoorspellingen.

Verder wordt gekeken naar de rol van parsimonie en van het doel van een model in
de context van modelkalibratie. Algoritmische informatietheorie wordt gebruikt om de
analogie tussen wetenschap en datacompressie te verhelderen en vanuit deze context wordt
het verband tussen de hoeveelheid informatie in gegevens en de complexiteit van modellen
beschouwd. Er wordt betoogd dat het doel van een model in principe geen rol zou mogen
spelen in de kalibratie, omdat dit tot een verlies van informatie uit de data kan leiden of
juist tot het leren van niet bestaande informatie.

Wanneer de informatie uit kansvoorspellingen wordt gebruikt om sequentiéle beslispro-
cessen zoals reservoirbeheer te ondersteunen, komt de complexe tijd-dynamica van in-
formatie in beeld. In dat geval beinvloedt de informatie die in de toekomst beschikbaar
zal komen de optimale waarde van de huidige beslissing. Hoewel deze informatie zelf nog
niet beschikbaar is voor die beslissing, is het wel mogelijk rekening te houden met het
feit dat toekomstig beschikbare informatie toekomstige beslissingen verbetert. Omdat het
qua rekenkracht niet haalbaar is om dit expliciet te doen, zijn benaderingen nodig om de
toekomstige waarde van water in te schatten, om deze af te wegen tegen de opbrengsten
van onmiddellijk gebruik.

De meer praktisch georiénteerde bijdrage van dit proefschift omvat: een methode om
gewogen ensemble-voorspellingen op seizoen-tijdschaal te doen op basis en informatie
over “El Nino”; een score ter evaluatie van kansvoorspellingen die het maximaliseren van
de informatie beloont; ontwerprichtlijnen voor optimalisatie-horizons van regelaars voor
sequentiéle beslisprocessen; en een methode om de waardetoename van water als gevolg
van informatievere voorspellingen in te schatten.
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Chapter 1

Introduction

“Only a fool tests the depth of the water with both feet.”

- African proverb

Water systems are all around us: our ancestors emerged from one; we drink from them:;
we feed from them; we fear to be submerged in them; we ship goods over them; we store
heat in them; we generate power from them; we drain them; we replenish them; we rinse
in them; we pollute them; we try to harness them and preserve them for our children,
who, like us, are water systems themselves.

Although water, which plays such an important role in our lives and life in general, lends
itself perfectly to long-winding and poetic descriptions, this thesis will try to solidify some
of its fluidity and will look at water mostly in dry and mathematical terms. This by no
means indicates an under-appreciation of the beauty that water enables and possesses.
On the contrary, appreciation of complex systems and their many interrelated subsystems
that all have their functions is only enhanced by understanding them. Understanding
amounts to linking observations of quantities in the water system by describing them in a
compact and precise manner that enables making sensible predictions. The system-view
is useful because it helps to formalize the thinking about behavior, interaction with the
surroundings, interactions with us, boundaries, modeling, division into subsystems, inputs
and outputs to the system. This facilitates making predictions, which are of paramount
importance in both science and engineering. In science predictions are the only way to
test our theories and in engineering they enable decisions that improve our quality of life.

This thesis is specifically focused on water systems that can be influenced by humans
and that are interesting for us to influence. Examples are artificial lakes, rivers, aquifers,
polder systems and irrigation systems. All these systems have in common that we can
exert an influence on them, for example through dams, dikes, wells, pumps and weirs.
The construction and installation of these structures helps harness these systems and
make them behave in a way that is beneficial to mankind. Once in place, the functionality
of these structures can be enhanced by operating them in an optimal manner according
to our objectives.
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Figure 1.1: The relation between discharge and water level is more flexible if a controllable
weir is used. The gray area shows the possible combinations for a controllable weir, while the
black line gives the combinations attainable with a fixed weir.

1.1 Why operate water systems?

In contrast to structural measures, such as the construction of new infrastructure like
dams, weirs and pumps, operational measures do not aim to alter the water system
permanently. Instead, they are using existing infrastructure, to have a temporary influence
on the system’s behavior to cope with the specific situation at hand. Switching on a
pumping station in a polder or releasing water from a hydropower reservoir are examples
of operational measures. As with many classifications, the distinction is not clear-cut and
depends on the time-scale of reference.

Often, water system operation is needed, in addition to structural measures, to achieve a
good and cost-effective performance of the water system. This need arises from the fact
that, apart from our influence, the water system is influenced by external forcings, such
as the weather, which typically vary in time. Therefore, the best response will often also
be time-varying. Although it is possible to achieve a time-varying response by structural
measures (a weir, for example, “reacts” on a higher water level by letting more water
pass), operation provides much more flexibility (extra water can be released by lowering
the weir when needed, even when the water level is still low). The key difference is that
operational measures can vary in time, depending on objectives that change in time and
on information beyond the local and present situation. The processing of this information
into an action or decision is extremely flexible. See for example figure [T, where the
relation between discharge and upstream water level for a weir is plotted for a free flowing
weir. The downstream water level is considered to be low enough not to influence the
flow. The equation that describes the flow is

Njw

Q =k (h — ho) (1.1)

where () is the flow over the weir, k is a constant and h; and hy are the water levels
indicated in figure [L1l The range of possible flows for a given water level or the range of
possible water levels for a given flow are far larger for a controllable weir.
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Structural and operational measures complement each other. A well-designed dam, built
at the right location, enhances the possibilities to benefit from the water system, but only
if it is thoughtfully operated. Conversely, the room for operation is very small if the struc-
tures through which the water system can be influenced do not have sufficient capacity.
Therefore, optimal decisions about operational measures have to take into account the
constraints posed by the infrastructure. Furthermore, the effects of future operation need
to be considered already at the stage where structures are planned and designed. Because
of this interdependency, decisions on structural and operational measures interact.

This thesis is purely concerned with decisions on operational measures, referred to as
water system operation. The design of the structures and the range of possible actions to
control the water system will be considered as given and not as part of the optimization
problem. The focus will be on water system operation under uncertainty and the role
information plays in that process. Later in this thesis, the close link between information
and uncertainty will be further analyzed. The next sections give a short introduction in
the related concepts of information, uncertainty and risk in the context of finding optimal
decisions, such as optimal actions for operating the structures to influence a controlled
water system.

1.2 Uncertainty, rationality and risk in decision making
1.2.1 Uncertainty

Almost every decision in real life is influenced by uncertainty. In some cases this uncer-
tainty is more obvious than in others. A famous example of a decision under uncertainty
is the decision to take an umbrella or not, based on the weather forecast. In case it is
forecast that it will rain with certainty, the obvious decision is to take an umbrella. In
another case, when the sky is blue and the air pressure is high, it would be a better
decision not to carry the useless umbrella around (assuming pure water management and
no fashion objectives). In many cases, however, the decision maker does not know with
certainty whether it will rain. In such a case, his decision depends on how much he values
remaining dry, how annoying carrying the umbrella is and his estimate of the probability
that it will rain.

An example in which the uncertainty is less obvious is the decision of a Ph.D. student
to travel to university by bicycle. Suppose it is simply the best mode of transportation
according to this Ph.D. student’s preferences. No uncertainty seems to affect his choice.
However, if he knew beforehand that he was to get a flat tire, which is always possible,
he would prefer to go on foot. Again, the optimal decision depends on the outcome of
an uncertain event. The apparent absence of uncertainty stems from the fact that the
probability of a flat tire is very small compared to the threshold probability above which
the student would prefer walking. A large amount of new information is therefore necessary
to convince the student to leave his bicycle at home.
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In water resources management, decision makers are often faced with decisions under
uncertainty. An example is the daily release of water at a hydropower dam, given the
incomplete information about future inflow into the reservoir. If the future inflow into the
lake will be high, the optimal current release will also be high, because future spills are
likely to occur if the water is not used now and the capacity of the generators is limited.
If the future inflows are low, on the other hand, a better decision would be to keep the
reservoir filled, so power is produced at a higher reservoir level elevation, yielding more
power per unit of water volume. The decision maker does not know the future inflow
and the best he can do is to use all information available at the time of the decision to
choose the release that he expects to be best. Because the water manager is not able to
influence the inflow, it makes little sense to judge these decisions in hindsight, based upon
information on the actual inflow that turned out to occur.

Uncertainty, although in some occasions more than in others, plays a role in all decisions,
adversely affecting their quality. There are two things we can do about that. In the first
place we try to reduce uncertainty by obtaining information. This information can result
in understanding and predictions that remove some of the initial uncertainty. In the second
place, we have to deal with the remaining uncertainty by making rational decisions.

1.2.2 Rationality

Even in case we are excellent decision makers, the presence of uncertainty at the time of
decision means that actions are not always optimal in hindsight, once more information
has become available. Therefore, it is important to make a distinction between decisions
that are right in hindsight and decisions that are right, given the information available at
the time the decision was made. The latter are often referred to as rational decisions.

By definition, rational decisions maximize the expected fulfillment of the decision makers’
objective from the perspective of the information available to him at the time. This thesis
focuses on rational decisions in the context of water system operation. To limit the scope,
the objective of the operator is assumed to have been correctly formalized and to reflect
the objectives of society. Questioning the objectives is outside the scope of this thesis.

1.2.3 Risk

Risk is usually associated with adverse uncertain events, such as floods and nuclear ac-
cidents. However, uncertainty with respect to positive events can also be formulated in
terms of risk by considering the failure to attain a potential benefit as an adverse event.
Irrigation risk, for example, can be defined in terms of the probabilities of the water supply
falling short to produce the maximum agricultural yield. In this risk, both the probability
and the magnitude of the reduction in crop yield play a role. Generally, risk is defined as
a function of probabilities and consequences.

A widely applied quantification of this definition is the engineering definition of risk:

Risk = probability of an event x consequences of that event.
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In this thesis, this definition of risk is used. Because probability is dimensionless, the risk
is expressed in the same unit as the consequences. Often these are expressed in monetary
terms, rendering them readily applicable in cost-benefit analyses. In the decision whether
or not to build a dike, for example, construction and maintenance costs are weighed
against the benefit of decreased flood-risk. This can be a very challenging task, given
the fact that both the costs (e.g. ecological damage, destruction of the landscape) and
the benefits (e.g. saving human lives, preventing emotional shock) are hard to express in
monetary terms.

In addition to monetary values, a more general measure of costs and benefits within the
framework of decision theory is the concept of utility. Utility cannot be defined directly,
but is measured through preferences of a decision maker. If a decision maker prefers A
over B, then A is supposed to have a higher utility than B for that decision maker. At
first sight, there seems to be a circular definition in the concept of utility, since it is
used to define the rational choice but is also defined in terms of choices (preferences).
However, when applied to a set of decisions, the concept can be used to check whether a
decision maker’s preferences are rational (i.e. self-consistent) and to make him conscious
of his preferences. Once the utility function of a decision maker has been captured in a
quantitative objective, the best way to maximize utility are rational decisions taking into
account all available information. When the information is incomplete, this entails taking
into account uncertainty.

1.2.4 Risk-based water system operation is rational

One way to cope with uncertainty is to always be on the safe side. A decision can for
instance be based on a worst case scenario, no matter how small its probability. An
example from the context of structural water management measures is the construction
of dikes. One could argue dikes should be designed to withstand the “maximum possible
flood”, because flooding leads to damage and loss of lives. However, flood protection also
comes at a cost. Not only the monetary cost of dikes, but also the damage to environment
and landscape has to be considered. These costs have to be balanced by the benefits of the
increased flood protection. A worried citizen could of course argue that the loss of human
lives can never be outweighed by such costs, but it is easy to point out that resources
spent on dikes cannot be spent on, for example, healthcare. The potential loss of lives as
a result of cutting funds there makes it clear that there is no evident “safe side” in this
decision problem.

Risk-based decision making is rational decision making, given that a rational agent values
an uncertain outcome as a linear function of its probability. If a decision problem is
accurately formulated in terms of objectives (utilities), possible decisions and available
information, the decision that minimizes risk is the best one. Other results from decision
theory prescribe that preferences for decisions must be transitive and complete (Peterson,
2009). Transitivity means that preferences cannot be circular: if A is better than B and B
is better than C, C cannot be better than A. Completeness means that different options
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Figure 1.2: Information is the reduction in uncertainty

are always comparable: a decision must always be made, even if the decision is to postpone
action until more information is available.

If for two rational decision makers the objectives and available information are equal,
the decisions will also be equal and conditionally optimal in terms of expected utility. In
practice, this situation never occurs, because of three reasons. Firstly, prior information is
often implicit and never the same for two persons. Secondly, the objectives are often not
entirely the same and partly implicit (hidden agendas). Thirdly, human decision makers
are only partly rational. Specifically, rational decision making is sometimes avoided to
prevent explicit moral choices. For example, in flood protection, the risks involve a com-
bination of monetary value and human lives. A clear statement of the objectives together
with a systematic treatment of information and uncertainties would prevent circular pref-
erences and irrational choices. However, such an explicit formulation of objectives can
only be done on the basis of moral choices. Because these are difficult to agree on, the ob-
jectives are often kept partly implicit. Some less harmful and very entertaining examples
of predictably irrational behavior can be found in [Ariely (2008).

1.3 Information reduces uncertainty

Uncertainty in a decision problem can be associated with incomplete information. The less
information is available about the outcome of some event, the more uncertain we are about
it, and this will be reflected in uncertainty about the best decision. Within the framework
of information theory, which will be used extensively in this thesis and will be introduced
in chapter [ uncertainty is defined as missing information and information is defined as
a reduction in uncertainty. This relation is schematically represented in figure In the
information-theoretical framework, uncertainty is defined as a unique measurable quantity
defined in terms of probabilities. The exact definitions of these concepts will be introduced
in chapter Bl and some extensions to these definitions will be presented in chapter [l

For now, it must be stressed that uncertainty in this definition influences risk and value
of decisions, but is not equivalent to it. Uncertainty depends only on how much is known
or believed about some event, but not on what that event is. To put it differently: there
is a difference between uncertainty and risk. Imagine a coin toss that is used for deciding
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who will get coffee to fuel the research in some university office. Now imagine that same
coin toss executed by some morbid dictator who uses it to make a decision on starting
a nuclear war for fun. In both cases the uncertainty about the outcome of the toss is
the same, but the risk associated with that outcome is far higher in the latter case. The
reason that some people might perceive the second coin toss to be associated with more
uncertainty is the higher uncertainty about the future state of the world as a whole. The
uncertainty about the outcome of the coin toss itself, however, remains the same.

1.4 The value of information

Intuitively, most people would agree that more information leads to better decisions.
A water system that is better known and monitored, is easier to control. Uncertainty
adversely affects the quality of decisions and information reduces this negative influence
by resolving uncertainty. For the person making decisions or the groups whose objectives
he represents, information therefore has a value.

The value of information can be defined as the expected value of the outcome given a
decision using that information minus the expected value of the outcome with a decision
based on the prior information. An example is the increase in hydropower revenue due
to improved inflow predictions. According to [Hamlet et al! (2002), including information
about El Nino Southern Oscillation into a more flexible operating strategy of the Columbia
river hydropower system would lead to an expected increase in expected annual revenue
of $153 million in comparison with the status quo. Generally, inflow predictions are im-
portant for hydropower production and better forecasts or better ways to make decisions
based on these forecasts are an important topic in water resources research. Summarizing,
it can be observed that information acquires value through its use in decisions.

1.5 Objectives and research questions
1.5.1 The broader perspective

The overall objective of water resources management is to make water systems behave in
a way that is beneficial from a human perspective. Of course this is easier said than done.
First of all, we need to define beneficial, and this leads to a number of questions that are
progressively more difficult to answer: In what ways can we benefit from the water system?
Who should benefit? Should we benefit now or later? Should we benefit at the cost of
reducing benefits for future generations? Is there a reason to preserve ecosystems or the
earth beyond the human benefits? Is survival of the human race the ultimate objective?
Why are we here in the first place? Are we actually here?

The preceding series of questions makes it clear that it is in the end impossible to satis-
factorily define beneficial. However, just as it is possible to live life without knowing the
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ultimate purpose, it is possible to manage water resources without an all-encompassing
definition of beneficial. We just do what we think is best, considering our incomplete
information and simplified, derived objectives.

Information is beneficial to water management. Firstly, the degree of achievement of a
derived objective can never be decreased by obtaining information about the workings
of the system, provided the information is true and processed in a correct fashion. Sec-
ondly, more information about the water system helps to better define the objectives and
possibilities to control the system. In other words, it helps posing the right optimization
problem. Often, defining the problem and objectives correctly involves participation of
stakeholders and negotiation (Soncini-Sessa. et all, [2007). This process helps to derive the
immediate objectives from more abstract underlying objectives. Ultimately, however, the
underlying objectives reduce to moral statements and information cannot tell us what we
should or should not strive for. In fact, it could very well be that all purpose is just an
emergent behavior of our evolution.

This thesis deals with the role and benefits of information in the first sense. It is supposed
that the objective has been defined and that it is clear how the water system can be influ-
enced. The question then remains how to convert the information about the system and
its surroundings into a decision that will optimize the objectives. Some tools that facilitate
this process are developed within this research, often using simplified representations of
the real decision problem. The main results are therefore general methodologies rather
than solutions to specific real-world problems. Notwithstanding the somewhat theoretical
character, the application of these methodologies can be part of finding such solutions.

1.5.2 Open questions

Water system operation continuously deals with decisions under uncertainty. This uncer-
tainty is reduced by information from forecasts, which are based on models, which are
based on observations. The remaining uncertainty must be taken into account in decisions.
Because new decisions for the operation of water systems are taken continuously, there is
a complex interaction between the current decision, future decisions and new information
that becomes available in between subsequent decisions. The flow of information appears
to be a key component in the whole process of going from observations to decisions.

In water system operation, this process is usually not viewed from the perspective of
information being a quantity that flows through this process. Yet, such a perspective
could provide new insights in these complex relations. Studying how to maximize the
information that infiltrates our models and how it percolates into our decisions might be
as important as studying the flow of water itself.

1.5.3 Research objectives

The objective of this thesis is to develop a framework to study the role of information
in the context of water system operation. Because uncertainty plays an important role
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in most water systems, it is important that the framework takes into account both the
information that is available and the remaining uncertainty. Studying information in risk
based water system operation requires describing the interrelations between objectives,
decisions, uncertainty, measurements, models, forecasts, probability, value or utility, time
and information.

Apart from offering another view on existing methodologies, a self-consistent framework
can also serve to reflect on them and suggest improvements. Therefore the search for the
framework is expected to yield several concrete and practical recommendations about
existing methodologies and possibly some alternatives to these methodologies. Ideally,
these methodologies should be defendable from a self-consistent framework.

1.5.4 Research questions

The main questions that need to be addressed in the framework that is to be developed
in this research is:

. How does information play a role in optimal operation of water systems?
. How can this information be exploited optimally?

To answer these questions, both water system operation and the nature of information
have to be investigated. A formal framework for quantifying information can be used to
study its flow through the processing of observations into decisions. Because decisions
are usually not just based on raw observations, but also on predictions made by models,
both predictions and models are expected to play an important role in optimal risk based
decisions. Ultimately, the information that enters the decisions, should improve their
quality and therefore possesses some value. An important question is how this value can
be maximized, i.e. how to exploit information optimally.

Special attention will be given to probabilistic forecasts, as they form summaries of avail-
able information, but also represent the remaining uncertainty. Providing the right in-
formation for risk based decisions might be seen as the task of producing a probabilistic
forecast that is in some sense optimal. Having optimal forecasts requires that the in-
formation processing from observation to decision, which includes the employed models,
is optimized. The evaluation of probabilistic forecasts is therefore an important part of
the problem that will be studied in this thesis, because it allows some diagnosis of the
information flow.

1.6 Thesis outline

This thesis focuses on several aspects of information in its course from observations to
decisions. In chapter 2, the context of risk based water system operation is explored us-
ing a case-study. A framework for relevant time-horizons that describes how information
about the future can affect current decisions is presented. It it also shown why uncertainty
needs to be taken into account to arrive at optimal decisions. Shannon’s formal theory
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of information and uncertainty is introduced in chapter 3, along with some additional
interpretations that will facilitate the understanding of the methods in the next chapters.
This chapter also gives a short overview of some of the other applications of informa-
tion theory within water resources management and hydrology. Chapter 4 presents the
“minimum relative entropy update” (MRE-update), a method to add seasonal forecast
information to an existing ensemble of historical time series by attaching weights to them.
The information-theoretical foundation of the method ensures that not more information
is added than is present in the forecast, but also not less. The information-perspective
is also used to analyze what happens in the existing methods that this method aims to
complement or replace.

Probabilistic forecasts, such as resulting from the MRE-update, are sometimes claimed to
be problematic in terms of their evaluation and acceptance by decision makers. In chapter
5, a radically opposite view is presented, where it is claimed that probabilistic forecasts
are the only forecasts that actually contain information in a strict sense. In this pivotal
chapter, an information-theoretical analogy of a well-known decomposition of an existing
score for the quality of probabilistic forecasts (the Brier score) is found. In light of this
result, forecasting can be seen as a communication process in which information is trans-
ferred to the user to reduce his uncertainty. The presented framework for the evaluation
of forecasts defines the relations between climatic uncertainty, correct information, wrong
information and remaini