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Executive summary

This report presents the �nal version of the formal framework of vulnerability developed in

the ADAM Workpackage A1 at PIK. Vulnerability and related co ncepts such as sensitivity

and adaptive capacity are not de�ned consistently in the climate change and related scienti�c

communities. Formalisation addresses this challenge by providing precise de�nitions of concepts

as well as the means for analysing di�erent de�nitions and usages of the concepts.

The formalisation carried out consists in the following three consecutive steps. First, de�nitions

and usages of the abstract concepts of vulnerability, adaptive capacity and risk are analysed

within ordinary language and scienti�c language; common primitive notions involved are ex-

tracted. Second, the primitive notions identi�ed are trans lated into mathematical concepts.

Third, abstract concepts are (re-)de�ned upon the mathematical primitives.

It is found that in all analysed de�nitions and usages, vulnerability is a measure of potential harm

to an entity under consideration. An entity is represented as a function (called possible) mapping

the state of the entity into a structure of future evolutions of the entity. The structure is used

to express the potentiality and it could be e.g. a list (modelling a nondeterministic evolution), a

probability distribution (modelling a stochastic evoluti on) or a fuzzy measure (modelling a fuzzy

evolution). The harm which might happen along these potential future pathways is measured

by a function mapping these evolutions into an ordered set. Asecond function is introduced

which is used for aggregating the measured harm into an element of a (di�erent) ordered set.

The formal framework is presented in two parts. Part I presents the mathematical framework

from a natural language point of view. It �rst analyses the ordinary language use of the term

vulnerability and presents the resulting basic formalisation of vulnerability as described in the

previous paragraph. Then the scienti�c use of vulnerability in the context of social-ecological

systems is considered. An analysis of theoretical de�nitions from the vulnerability literature

yields that these are special instances of the general de�nition, which break the concept down

into components such as e.g. capacity an exposure. Because the similarity in theoretical de�ni-

tions does not re
ect the di�erences between operationalisations of these found in the literature,

an analysis of how the concept vulnerability is used is added. Based on overview articles which

have made several distinctions in the usage of the concept, it is found that di�erent focal points

vii
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are emphasised in di�erent approaches to vulnerability assessment. Corresponding to the dis-

tinctions made in the literature, two types of vulnerabilit y assessments can be distinguished by

their emphasis on the social system and the present state on the one hand, and an emphasis

on the ecolocical system and possible future evolutions on the other hand. While other combi-

nations of emphases (e.g. on the ecological systems and the present state) are virtually absent

from the literature, integrated approaches, which combineaspects from these two types make

up a third type of vulnerability assessments.

The similarity in theoretical de�nitions, in spite of di�er ent types of assessment, can be explained

from the distinction in terms of focal points: an assessmentwith a certain focus (e.g. the social

system) treats the respective other point (e.g. the ecological system) only super�cially. However,

the respective other focal point cannot be neglected completely if one wants to do justice to the

intuition behind vulnerability. Therefore, in theoretica l de�nitions mostly both focal points are

mentioned, and since these de�nitions are short statements, there is no room for revealing the

intended emphasis.

Based on the analysis, the formal framework is re�ned to capture the auxiliary concepts used

as components of vulnerability. One main result is that capacity and exposure are structurally

similar to vulnerability in that they refer to an uncertain f uture. Sensitivity, on the other hand,

has no inherent potentiality and thus plays a di�erent role i n the vulnerability formalisation.

Due to the observed gap between theoretical de�nitions and approaches to assessing them,

analysing and comparing single theoretical vulnerability de�nitions from the literature is an

exercise of limited scope. The framework succeeds as a concept clari�cation tool when one

concentrates on general de�nitions, such as the ordinary language understanding, instead of

dealing with minor di�erences between single theoretical de�nitions which cannot be resolved

due to residual inprecisions in natural language.

The re�ned formal framework is also useful as a tool to analyse and compare measurements made

of vulnerability in case studies. Here, assessments that focus on the possible future evolutions

of a system are found to be described rather closely by the formal framework, which means that

the computational tools which implement the framework can be serviceable to such approaches.

In the case of assessments that focus on the present state, while the concepts are captured by

the formal framework, the assessment approach deviates from the formal description.

That the formal framework can be fruitfully used as a concept clari�cation tool for general

de�nitions is �nally underlined with an analysis of the conc ept risk in its relation to the concept

vulnerability. The predominant �nding here is that the conc epts risk and vulnerability are used

in very similar ways. They express the possibility of future harm and are decomposed into

(partly very similar) components with the added di�culty th at the term vulnerability is also

used for one component of the concept risk. Further, approaches of risk assessment show a
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similar distinction in terms of di�erent focal points: when the focus is predominantly on the

ecological system, the component vulnerability corresponds to the component sensitivity used in

vulnerability assessments, whereas, when a focus on the social system is included, vulnerability

as a component of risk corresponds to internal vulnerability as a component of vulnerability.

Part II concentrates on the operational shape of the framework. Building on the experience

from the prior framework development as described in the �rst part, a specialised version of the

formal framework is presented which is supposed to serve as aspeci�cation for the development

of software components for vulnerability assessments. This version is such that it can be directly

implemented in a programming language like Haskell. It is based on the assumption that the

entity can be modelled as a dynamical system. Specialised versions of the computation of

possible evolutions, potential harm and measurements of this potential harm are provided. A

bundle of possibilities to compute vulnerability are enumerated. These computations are all

equivalent, in the sense that they implement the idea to measure potential harm of an entity.

These computations di�er in their inputs and they are meant t o be applied in dependence of

the actual case study and its requirements.

In this part also an investigation of a special class of dynamical systems, which is suitable to

implement the necessary operations used in vulnerability assessments, is performed. It is shown

that the classical de�nitions of dynamical systems used in mathematics and computer science

are not appropriate in applications of the formal framework. A new de�nition of a dynamical

system, the monadic system, is then introduced and the implementation of the basic operations,

e.g. the computation of trajectories, is described. To demonstrate that monadic systems are

indeed useful in for modelling in actual assessments, a computational model used in climate

change research (the LPJ model) is analysed in terms of this framework.



Chapter 1

Introduction

Vulnerability and related concepts such as adaptive capacity and sensitivity are of great im-

portance in the climate change scienti�c community as well as in the natural hazards, poverty,

food security and development communities. There is however no agreement on the de�nition

and application of these concepts - neither between nor within di�erent communities. The need

for a common understanding has repeatedly been expressed inthe literature (e.g. Brooks, 2003;

Janssen and Ostrom, 2006), but, up to now, a solution has not been attained.

The ADAM project addresses this challenge by developing andapplying a formal framework

of vulnerability; concepts and relations between conceptsare expressed in mathematical terms.

The bene�ts of formalisation are as follows (compare also, Ionescuet al., 2005; Wolf et al., 2007;

Hinkel, 2008):

� A formal framework supports clear communication about vulnerability. The explicitness

and precision of mathematical language enable to express complex relations between con-

cepts as well as similarities and di�erences in their application more easily than natural

language. Approaches taken in di�erent scienti�c �elds and case studies can thus be com-

pared.

� A formal framework helps ensuring that analyses are carriedout in a systematic and

consistent fashion because the translation into formal language requires all assumptions

to be made explicit.

� A formal framework of vulnerability is a prerequisite for computational approaches to its

assessment and can help modellers take advantage of relevant methods in applied mathe-

matics such as e.g. system theory.

The formalisation process consists in analysing de�nitions and approaches towards assessing

vulnerability, identifying building blocks (primitives) of the concepts, translating these into

1
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mathematical terms, and, based on those, rede�ning the complex concepts (see also Wolfet al.,

2007; Hinkel, 2008).

natural language mathematics

vulnerability is . . . vulnerability=. . .

primitives mathematical primitives
?

linguistic analysis

-translation

6
def inition

This report presents the formal framework thus developed from both the natural language and

the mathematical language side. Part I presents the framework from the natural language

side. It focuses on the aspects of communication and clari�cation of concepts. It is based on

the vulnerability literature, and the mathematical settin g presented is not very technical nor

detailed. The mathematical description illustrates the meaning of the di�erent concepts and

their interrelations in a precise and concise way.

Part II presents the formal framework from the mathematical language side. It focuses on

the modelling aspect and provides de�nitions of vulnerability which are formulated from a

computational point of view. The mathematical setting presented in this part is on a quite

detailed and technical level. The mathematical descriptions here can be used as speci�cations

for software for computing vulnerability in case studies. In fact, the formulae given in this part

can be directly programmed in functional programming languages like Haskell Hutton (2007).

As the audiences addressed by the two parts may be disjoint orhave a small overlap only, we

have preferred to present the formal framework in these two largely self-contained parts, so that

each part can be read and understood on its own. The mathematical notation is chosen as is

adequate in each part, therefore there are minor di�erences. However, for the interested reader

of both parts it should be quite straightforward how the two p arts relate to each other.

The formal framework presented has evolved over a couple of years and di�erent states of it have

been published (Ionescuet al., 2005; Hinkel and Klein, 2007; Wolfet al., 2007; Hofmann, 2007;

Hinkel, 2008). The present state of the formal framework is ageneralisation of the previous ones.

While the mathematical appearance may seem to di�er from earlier versions, similar components

are employed.

The remainder of this report is structured as follows. The �rst part - focusing on the natural

language side of the formal framework - starts with chapter 2where the concept vulnerability

as used in ordinary language is formalised. Chapter 3 presents an analysis of vulnerability

2
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as a scienti�c concept. The two aspects considered in this analysis are theoretical de�nitions

of vulnerability and usage of the concept. Then, Chapter 4 re�nes the �rst formalisation of

vulnerability to capture the results from the analysis. Thi s part of the report ends with Chapter

5 where approaches to risk and the relation between risk and vulnerability are interpreted in

relation to the formal framework presented before.

The second part - focusing on the mathematical side of the formal framework - starts with

chapter 6 where the formal framework is presented in a formulation which is appropriate to

operationalise it in the form of software components. Therethe evolution of an entity is assumed

to be modelled by a computational implementation of a dynamical system. In chapter 7 a special

class of dynamical systems is introduced. It is shown that these systems provide the functionality

which is necessary to support computational vulnerability assessments. The applicability of the

operational framework is shown using an existing computational model, LPJ, as an example

that is �t into this class of dynamical systems.

The formal framework development is connected to a number ofother tasks and deliverables

of the ADAM project. It forms the basis for the meta-analysis of climate change impact,

vulnerability and adaptation case studies (Task A1.2). The concepts of the framework are

applied in order to consistently relate the results achieved by di�erent types of studies. In the

same manner, the framework also serves as a basis for the development of the digital compendium

(Deliverable DA1.2). Furthermore, in this report and the pu blications that follow, the framework

is applied to reconstruct various pieces of ADAM work carried out in the Workpackages A1

and A2 and thus helps to relate the results achieved despite the di�erent terminologies and

methodologies used. For example, in Chapter 5, the Flood Risk Maps developed within Task

A2.1 by the Institute for Environment and Sustainability at the Joint Research Centre are

interpreted as an instance of the formal framework, thus relating the concepts vulnerability and

risk.

3
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Chapter 2

Vulnerability in Ordinary Language

This chapter presents a formalisation of \vulnerability" a s used in everyday language, which

serves the purpose of introducing the issues in two respects. It demonstrates the formalisation

process, and the result of this process - a general formalisation of vulnerability - will be the basis

for the formalisation of the scienti�c concept vulnerabili ty, and related concepts, in Chapters 3

and 4. Also, we have chosen ordinary language as a starting point for the framework development

because a common language to address the diversity of disciplines involved and types of systems

considered must be very general. Only then can it be used to highlight the commonalities and

di�erences of the more speci�c languages used by di�erent scholars (see also Hinkel, 2008).

The formalisation consists of the following steps: the everyday meaning of the word vulnerability

is analysed to identify the building blocks or primitives (Section 2.1). These are translated into

mathematics, and then the mathematical de�nition of vulner ability is built from the blocks by

following the structure between the blocks found in the analysis (Section 2.2).

The sections 2.3, 2.4, 2.5 and 2.6 discuss the elements of theformalisation in more detail. The

setting is very general and introductory, which is the reason for presenting these sections before

analysing scienti�c vulnerability de�nitions although th e content probably bears more relation

to the scienti�c use of vulnerability than to the ordinary la nguage use.

Note that the mathematical de�nition provides an abstract a nd precise description of what the

word \vulnerability" means, and the structure of how the vul nerability of somebody could (in

principle) be evaluated. When terms like \assessing" vulnerability are used, this does not refer

to a real-world vulnerability assessment. Any constraintsof feasibility that may occur in actual

vulnerability assessments will therefore be disregarded here.

7
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2.1 Analysis

The �rst step in the formalisation is an analysis of the term vulnerability as used in ordinary

language. It is a feature of everyday language that people have a working understanding of words

and that precise de�nitions are rarely needed. The analysisin this section identi�es primitives of

the notion of vulnerability in its working understanding, s upported by a glance at the etymology

of the word and by a dictionary de�nition.

\Vulnerable" has Latin origins: \vulnerare" which literal ly translates as \to in
ict a wound on,

wound; to damage (things)" and further \To wound (mentally o r emotionally), hurt, distress;

to damage the interests of" (Glare, 1982) and the su�x -able (Latin: -abilis) which conveys the

possibility that \being wounded" may (but need not) happen a t a later point in time.

This structure is explicit in the Oxford Dictionary of Engli sh1 entry \vulnerable" (Soanes and

Stevenson, 2005):

exposed to the possibility of being attacked or harmed, either physically or emotionally:

[. . . ] small �sh are vulnerable to predators.

The adjective \vulnerable" is ascribed to somebody or something, that can be very generally

described as anentity. An entity is vulnerable (now) if there exists a possibility that it is attacked

or harmed (later). The concept has a predictive quality: \vu lnerability is a hypothetical and

predictive term" (Blaikie et al., 1994), or as Calvo and Dercon (2005) say \vulnerability is used

as the magnitude of the threat [...], measured ex-ante, before the veil of uncertainty hasbeen

lifted." The property \vulnerability" is ascribed to an ent ity at a certain point t in time on the

basis of information (whether or not harm is possible) aboutthe future (relative to t). Since this

information is required at time t, it involves uncertainty; quotes along the lines of \The future

is, of course, unknown." (Adger, 2006) are ubiquitous in thevulnerability literature. However,

uncertainty is not merely a side e�ect resulting from \our in ability to see the future", it is an

inherent feature of the concept vulnerability, introduced by the idea of \possibility". This is

illustrated clearly by looking at the past vulnerability of an entity at a previous point in time tpr .

As time has passed the evolution of the entity aftertpr has been observed, still the vulnerability

is not necessarily determined by this observed evolution. When no harm has happened, one

would not conclude that the entity was not vulnerable (it mig ht just have been lucky). The

observed evolution does not necessarily carry enough information about the possibility of harm

that was given at tpr . Thus, in a statement about the vulnerability of an entity at time t, it is

essential that the evolution is described as theuncertain future as viewed at time t.

The natural language use of statements like \someone is morevulnerable than someone else"
1This de�nition is used as one representative choice. The everyday usage of the word \vulnerability " is

su�ciently clear for the present purpose without a detailed analysis of di�erent dictionary de�nitions.

8
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reveals that the adjective \vulnerable" has the grammatical property of comparison, that means

the degree to which the modi�er modi�es its complement can bedistinguished.2 Consequently,

the abstract noun \vulnerability", constructed by adding t he noun-forming su�x \-ity" describes

a property that admits degrees.

We have thus identi�ed

� the entity and its uncertain future evolution, and

� the notion of negative e�ects or harm.

as the primitives of vulnerability. In the following sectio n, these will be translated into mathe-

matics.

As an aside, note that the same Oxford English Dictionary in the entry \expose" refers to the

construction \expose someone to" which would apply in the above de�nition of vulnerability in

\exposed to the possibility . . . ". This construction is de�n ed as \cause someone to be vulnerable

or at risk" (Soanes and Stevenson, 2005). Such (partial) circularities in de�nitions are often

hidden in natural language and may add to the confusion in vulnerability terminology.

2.2 A First Mathematical De�nition

Imagine that \complete" information about all possible fut ure evolutions of the entity is given3:

the entity is vulnerable if in some possible future evolution harm has occured to it. And, roughly

speaking, it is more vulnerable if more harm is possible. In this picture, uncertainty resides in

the fact that while given complete information about the possibilities, one does not know which

one of them will take place. This basic idea is made precise bythe formalisation: vulnerability

is a monotonic aggregation of possible future harm.

Notation 2.2.1. As functions play a major role throughout the formalisation, let us quickly

state that functions will be denoted by small letters or words starting with small letters. The

notation f : A ! B means that the function f is de�ned on A and takes values inB , where

both A and B are sets. Whenf is applied to an elementa of A, it outputs an element of B ,

denoted f (a). The set A may be referred to as thesource, and B as the target of f . Together,

the information f : A ! B is called the type of f .

Consider �rst of all a �xed time point t, which will be the time of reference throughout the

following paragraphs. This t is the time at which the entity's vulnerability is assessed. The
2An example of a non-comparative adjective, a special case from the English literature excepted, would be

\equal".
3 \All possible futures" are to be understood as an idealised p icture, not as an actual model used in an

assessment.

9
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description of the situation the entity is in at t, is collected in a state and denoted by s. A

state s should contain all relevant information both about the enti ty and its environment, it

may contain information about the past, but not about the fut ure relative to t. The idea is

that s is a description of the state of the world as known at timet. All possible situations the

entity could �nd itself in (states of the world) are collecte d in the set of states S. Mathemat-

ically, vulnerability will be a property of such a state, vulnerability (s), meaning of coursethe

vulnerability of the entity in state s.

Next, we need the notion of possible future evolutions of theentity as viewed at time t. One

such future evolution is given by a trajectory of states that the entity \passes through in time".

Let T be a set of points in time, T � N if discrete time steps are considered, orT � R+ ,

the non-negative real numbers, for a continuous evolution of time. A trajectory can then be

described as a function from time to states,trajectory : T ! S associating with each point in

time the state that the entity (or rather, the world) �nds its elf in at that particular point in

time.

De�nition 2.2.2. A trajectory, denoted trajectory , is de�ned as a function from a setT to the

set of states,S. If T � N, the trajectory is called discrete and it can be representedby a list of

states. If T is an interval in R+ , the trajectory is continuous.

The existing mathematical representations of uncertainty are many, and some alternatives are

discussed in Section 2.3. The notion of \possibility" from the dictionary de�nition is captured

by working with a non-deterministic description. This means that starting in state s at time

t, a set poss(s) of future evolutions, i.e. trajectories that at time t all start in the state s, is

speci�ed. These are scenarios without further quantitative information attached, no probability

or likelihood is assigned in the non-deterministic description. Much like the SRES scenarios

provided by the IPCC, all elements of the setposs(s) are simply stated to be possible.

As a visual help, this schematic illustration will be carried through the formalisation.

s1

s s2

s3

�
� �3

-
Q

QQs

In many cases it can be read instead of the mathematical de�nitions, when keeping in mind

that it stands for something much more general: here, the possible future trajectories are just 3,

there might be many more. Also, each trajectory is represented by a single future state, which

is the simplest possible case, the one-step discrete case.

10
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Next, one would like to evaluate whether harm has occured in any of the possible future evo-

lutions, or how badly the entity has been harmed. Consider some �nite time horizon th > t ,

at which this evaluation takes place. Since the future trajectories are not needed after this

evaluation time, one may just as well start out with trajecto ries with a �nite time horizon (see

Section 2.6 for some implications of the time horizon). Thus, in the following, traj will denote

the �nite trajectory from time t up to time th , and for further reference, let us denote the set

of all these �nite trajectories Evol (for evolutions). A �nite trajectory traj 2 Evol which is a

possible evolution in states, i.e. traj 2 poss(s), has to start in s.

The mathematical representation of \harm" is given by a function that measures harm along

evolutions. Checking whether an entity \has been harmed" may suppose knowledge not only of

the situation it ends up in, but of the whole trajectory between time t and th : the same �nal state

may be considered \harm" when reached from a better state while compared to worse starting

states it may be considered an improvement. Therefore, the measuring function is de�ned on

�nite trajectories.

This measuring function, in the simplest case, is a predicate, a function that takes only two

values, interpreted as \true" and \false". Denoting this pr edicate by harm : Evol ! f 0; 1g, this

meansharm (traj ) is an element of the setf 0; 1g for all traj 2 poss(s), or in natural language,

in each possible evolution one can assert whether harm has occured (value 1) or not (value 0).

The simplest representation of harm leads to the simplest mathematical representation of vul-

nerability:

De�nition 2.2.3. Given poss(s) and harm as described above, the vulnerability of the entity

in state s is:

vulnerability (s) =

(
1 if there is an evolution traj 2 poss(s) with harm (traj ) = 1

0 otherwise
(2.1)

The so de�ned vulnerability also is a predicate: an entity in a certain state can be vulnerable

or not vulnerable.

However, the property vulnerability admits degrees and thus a yes/no distinction is too rough

to capture vulnerability. Degrees can be incorporated in the above mathematical de�nition by

re�ning the measuring element and introducing an aggregation. Instead of the predicate, \harm"

is measured by a function,harm : Evol ! H , where H is an ordered set, which means, that an

order for comparing elements ofH is given. In other words, for two elements ofH , say h1 and

h2, one can say whetherh1 is worse thanh2 (h1 < h 2), or vice versa, or the are equally bad. In

the following, functions into an ordered set (with a slight generalisation in Section 2.4) will be

referred to asmeasuring functions.4 For example,harm (traj ) 2 [0; 1] for all traj 2 poss(s), with
4The measuring function as used here is not to be confused witha \measure" from the branch of mathematics

called measure theory.
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the unit interval [0 ; 1] (together with the order < on real numbers) as the \standard example"

to express a degree, but any other ordered set would do.

s1 with harm value h1

s s2 with harm value h2

s3 with harm value h3

�
� �3

-
Q

QQs

The corresponding more general formalisation of vulnerability is an aggregation, denotedagg,

of the possible future harm of the entity in a given state: the aggregation function takes a set

of harm values and aggregates into a vulnerability value, informulae agg : PH ! V , where

P denotes the powerset, that means, the set of all subsets of a set, and V is an ordered set,

possibly the same one asH . Thus, an aggregation function is a measuring function with the

special feature that it is de�ned on a set of sets.

De�nition 2.2.4. Given an entity and its possible future evolutions, poss(s), a measuring

function harm : Evol ! H and an aggregation functionagg : PH ! V , the vulnerability of the

entity in state s is de�ned as

vulnerability (s) = agg(f harm (traj )jtraj 2 poss(s)g):

Now vulnerability is a measuring function, vulnerability : S ! V , de�ned on states.

s1 harm h1

s s2 harm h2

s3 harm h3

�
� �3

-
Q

QQs

9
>>>>>>=

>>>>>>;

aggregation = vulnerability (s)

It is not di�cult to show that De�nition 2.2.3 is a special cas e of De�nition 2.2.4, although in

the former, the aggregation function went unnoticed. One can rewrite equation (2.1) as

vulnerability (s) = max( f harm (traj )jtraj 2 poss(s)g);

because the maximum is 1 if and only if there is a possible trajectory with harm value 1. Since

the maximum takes sets of values in an ordered set and outputsone value in an ordered set (the

same set), it quali�es as an aggregation function. Also, thepredicate harm : traj ! f 0; 1g is

just a special case of a measuring function, withH = f 0; 1g, which is an ordered set, the usual

order 0 < 1 assumed.

12
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Remark 2.2.5. Having de�ned vulnerability as a measuring function, the formal framework,

although developed to capture the ordinary language notionvulnerability, reveals a proximity to

the scienti�c use of the concept: the aspect of measurement.While measurement is frequently

carried out in the scienti�c context of vulnerability, when using the word \vulnerability" in

ordinary language, people are generally not concerned withmeasuring vulnerability, although the

property admits degrees. One uses statements like \someoneis more vulnerable than someone

else", when this is obvious. However, the problem of �nding out \who of these two is more

vulnerable?" seems rather unfamiliar in everyday language. In the remaining sections of this

chapter, which provide more detailed descriptions of the elements of the formal framework,

most examples refer to a scienti�c usage of the concept vulnerability. Due to the prominence of

the measurement aspect in the formalisation, this context provides the more natural examples.

These will however not anticipate the analysis of scienti�c de�nitions in the next chapter.

2.3 Possible Future Evolutions

There are various ways of describing the uncertain future asseen from the perspective of a state

at a �xed point in time. Which one is most useful depends on theavailable information in each

concrete case. The Fourth Assessment report by the IPCC (Chapter 2 by Working Group II)

lists arti�cial experiments, analogues, projections, sensitivity analysis, scenarios and storylines,

and probabilistic futures as characterisations of future conditions (Carter et al., 2007).

As mentioned above, thenon-deterministic description corresponds to modelling the future by

scenarios: several possibilities are described without specifying which one of the possibilities will

manifest when time has actually passed.

Another well-established mathematical theory for the characterisation of an uncertain future is

probability. When the future is modelled as a stochastic process, the information \how probable"

the possible trajectories are, is added.

s1 with probability p1

s s2 with probability p2

s3 with probability p3

�
� �3

-
Q

QQs

and p1 + p2 + p3 = 1 :

The case of qualitative expert judgement can be mathematically represented by afuzzy descrip-

tion: the extra information about a possible future evolution is its degree of membership in a

certain set.

These future characterisations have a common structure, which allows for a more general de-

scription than just listing examples. In all three of the above cases, future characterisations are

13
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assembled out of trajectories by specifying a set of possible trajectories and, optionally, adding

some more information structure (such as probabilities or degrees of membership) onto this set.

Mathematically, this construction is obtained by a functor . The de�nition of a functor can be

found in Chapter 6. Here, a rough description which providesthe intuition of what it does is

given. A functor consists of two mappings, one for sets and one for functions.The mapping

for sets constructs the structure, and the mapping for functions lifts functions to make them

applicable to elements of this structure. Both are denoted by the same F because they are

closely related. Let A and B be two sets andf : A ! B a function from A to B .

To facilitate the following description, let us refer to elements a 2 A as simple elementsand

to the structures of the uncertain future descriptions above as complex elements, that is, in

the above examples, complex elements aresets of simple elements, probability distributions over

simple elementsand fuzzy sets of simple elements, respectively.

Given a set A, the functor constructs the respective set of complex elements over A. FA is

again a set, containing as its elements all the complex elements that can be built from elements

of A. As an example take F = SP, the simple probability functor: SP A is the set of all

simple probability distributions over A, that is, all �nite lists of elements of A with probabilities

attached: [(a1; p1); : : : ; (an ; pn )] where
P n

i =1 pi = 1.

The mapping for functions \lifts" a function f : A ! B to a function on the respective sets of

complex elements,F f : FA ! FB . This function works in a way that preserves the structure

while mapping the elements according tof . This means that F f applied to a complex element

in FA works by applying f to each a inside the complex element.

For the SP example,SP f maps simple probability distributions over A onto simple probabilities

over B by keeping the probabilistic structure as it is and applying f to each a that occurs in the

list: SP f ([(a1; p1); : : : ; (an ; pn )]) = [( f (a1); p1); : : : ; (f (an ); pn )]. Since all the f (ai ) are elements

of B , the result is in SP B.

Returning to our uncertain future descriptions, there is one further step to be made. Future

characterisations are constructed from trajectories, notfrom states. Thus for a set of trajectories

Evol, the complex elementsFEvol are built and used as descriptions of the uncertain future.

An advantage of the functorial description is that the application of the measuring function

harm can be concisely written asF harm : FEvol ! FH . This means, the harm function is

lifted, or applied to each trajectory within the complex element. The output is the preserved

uncertainty description with inside the harm values of the single trajectories in place of the

trajectories themselves. When applying the lifted function, we will write square brackets to

emphasize that [F harm ] is one function.5

5This notational convention refers only to Part I of this docu ment, where it is used to avoid confusion for

readers unfamiliar with the concept of a functor. In Part II t he notation re
ects that used in computing science.
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Remark 2.3.1. The choice of \the right" uncertainty description depends on the speci�c case,

and especially on the available information, as was mentioned above. E.g. in the climate change

context, often scenarios, which are \not predictions or forecasts [. . . ] but alternative images

without ascribed likelihoods of how the future might unfold" (Carter et al., 2007), are used.

Whether or not probabilities should be used is subject to debate, because subjective judgement

is required in the weighting of di�erent future outcomes. Carter et al. (2007) summarize two

opposed points of view. One of these is that the climate change issue is characterised by `deep

uncertainty', wherefore \elicited probabilities may not a ccurately represent the nature of the

uncertainties faced" (Gr•ubler and Naki�cenovi�c, 2001; L empert et al., 2004). The other point of

view holds that assigning probabilities should be done by experts, \otherwise decision-makers

will inevitably assign probabilities themselves without the bene�t of established techniques to

control well-known biases in subjective judgements (Schneider, 2001, 2002; Websteret al., 2002,

2003)".

2.4 Harm

It was noted above that the harm measuring function generalises the harm predicate because

its range set is more general. This set can in fact be generalised one step further.

In applications, harm may for example be described by vectors with orders on the components,

where the di�erent dimensions record di�erent phenomena such as \people a�ected", \monetary

damage", etc. There is no default order on the vectors in thiscase, and it is not necessary to

require that an order on vectors be speci�ed.

In this case, the restriction that the set H needs to be an ordered set can be loosened: a partially

ordered set of the formH = Un , that is, n-dimensional vectors with components inU, where

U is ordered, is su�cient. 6 The term measuring function will apply also to functions into this

form of partially ordered sets.

An H of this form is partially ordered, e.g. for the default parti al order given by considering a

vector \worse" than another one if all its components are worse. Not all vectors are comparable

under this order. For example, two vectors which each have one component worse than the

corresponding component of the other vector are cannot be compared. It is possible to de�ne

complete orders on vectors from orders on components for example by weighting the components,

as is done when an index is created from several indicators. This always involves normative

decisions in choosing the weights of the components.

The possibilities of constructing measuring functions forharm from simpler given elements are

6Not all components of the vectors need to have the same order,more generally, �nite cartesian products of

ordered sets can be admitted.
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many, even in the case where the measuring function is \only"a predicate. An illustration of

this case can be found in Ionescuet al. (2006). \Preference criteria", a partial strict order �

on the set of states, are assumed given. From these one can construct several predicates that

can play the role of harm here, depending on the focus of the assessment. The possiblefuture

trajectories7 are given by a dynamical system: a transition functionf takes a starting state and

an input and produces a next state, the next state iss0 = f (s; e). For a �xed starting state s 2 S

and using the given preference criteria, several possibilities of an impact predicate are given by,

� comparing the next state s0 to s, i.e. harm (s0) = 1 , s0 � s

� comparing s0 to a \reference" evolution or baseline, i.e.harm (s0) = 1 , s0 � f (s; ~e), where

~e is the baseline input

� comparing whole trajectories produced by iteration of the dynamical system, etc.

Having discussed the description of an uncertain future andthe measuring function for harm,

let us remark an advantage of the formal framework: these twoelements are independent com-

ponents which are then aggregated into vulnerability, as will be discussed in more detail in the

following section. Apart from the fact that the measuring function needs to be de�ned on a set

of trajectories, there are no restrictions imposed on either component by the other one. This

means that in a computational assessment carried out based on the formal framework, the two

components can be constructed almost independently. An especially useful case may be that of

exchanging a measuring function by a new one, that may resultfor example from stakeholder

involvement. Also, vulnerability could be computed for several measuring functions to show the

consequences of di�erent evaluations of harm.

2.5 Aggregation and Basic Mathematical De�nition

In the above sketch, vulnerability was de�ned as an aggregation function of harm happening to

the entity in its set of possible futures. Let us �rst of all pr ovide the general de�nition based on

the generalisations of the components made in the previous two sections.

De�nition 2.5.1. Consider given a state of the worlds, an uncertain future description poss(s)

of type FEvol , two ordered sets (or partially ordered multi-dimensional sets with ordered com-

ponents) H and V , a measuring function for harm, harm : Evol ! H and an aggregation

7Actually, the description in Ionescu et al. (2006) for simplicity uses just one possible future. Therefore, the

aggregation step in the de�nition of vulnerability is missi ng, but that can be disregarded here, as this is supposed

to simply be an example of di�erent predicates for harm.

16



D-A1.1 Formal Framework of Vulnerability ADAM 05/03/2008

function agg : FH ! V , then the vulnerability of the entity under consideration i n state s is

vulnerability (s) = agg([F harm ](poss(s))) :

Thus, vulnerability : S ! V is a measuring function de�ned on states.

Because the functor being applied to the measuring functionharm may take some getting used

to, let us repeat the idea: the harm function is applied to each trajectory within the uncertain

future description. This keeps the structure (e.g. a probability distribution) as it was, but now

instead of trajectories it contains harm values. Then, the aggregation function, being de�ned

on uncertainty structures over harm values, can take into account the possible harm values and

the uncertainty information (e.g. probabilities) attache d to them.

As an example consider the probabilistic setting: the uncertainty description in a given state s

would be a probability measure over possible trajectories.The harm function, de�ned on these

trajectories and taking values in, say, the positive real numbersR+ , with the interpretation that a

larger value means more harm, would be referred to as arandom variable in probability theory.

The functor application yields a probability measure over harm values, known in probability

theory as the distribution of the random variable harm . A possible aggregation function here

is the expectation, which produces a (positive) real number(and thus an element of an ordered

set), the expected value.

Note that, if risk is de�ned, as commonly done, asexpected loss, it corresponds exactly to this

de�nition where \loss" is the harm function. This de�nition of risk is thus an instance of our

vulnerability de�nition. 8

The aggregation function is as yet unde�ned, except for the type of the function, agg : FH ! V .

Below, properties will be de�ned to make this de�nition of vu lnerability complete. Similar to

the measuring function for harm, agg can be generalised to take values in a partially ordered

set. The vulnerability of two states (of two entities, or the same entity in di�erent states) may

thus also be found to be non-comparable.

An example here is a multi-dimensionalharm function (as described above) in a probabilistic

setting. The aggregation could for example be the expected value of the vector harm , which

would still be a vector. Its components are expected values,i.e. aggregations over possible

futures and their probabilities, taking the weighted average. However, the di�erent dimensions

of harm are not aggregated into one number and therefore the resultsneed not be comparable.

The questions how the di�erent impact dimensions relate to each other would be left open, e.g.

up to a decision maker.

The actual aggregation function is going to be chosen on a case to case basis according to the
8The concept risk is discussed in Chapter 5.
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needs of each vulnerability assessment. For example, risk aversion of stakeholders might require

the choice of an aggregation function that gives more weightto large harm values than to

smaller ones. In this case, e.g. the expected value of the square of the harm values (quadratic

expectation) would be preferred to the \plain" expected value as the aggregation. Any choice of

an aggregation function will have its advantages and disadvantages. However, a valid question is

what properties the aggregation should have in order to qualify as a measure of vulnerability. In

terms of the content or \what should actually be measured", this will most likely vary with the

scienti�c �eld under consideration, where guidelines and frameworks for vulnerability assessment

provide insights.

Properties that concern the structure or form of the measurement are what is of interest here,

because by naming these, assumptions are made explicit. First of all, the technical property

that the aggregation has to be applicable to the future description and the measuring function

for harm that are being used is accounted for in the de�nition (e.g. the aggregation function

has to take as input an uncertainty structure over values that the harm function outputs).

Vulnerability may for example be de�ned as an expected valueof harm only in the case where

the characterisation of the future provides probabilities, while measuring vulnerability as the

maximum possible harm is formally possible in all three of the above uncertainty descriptions.

One assumption was dropped without further explanation at the very beginning of Section 2.2:

the monotonicity of the aggregation. Although a general intuition is very clear (more harm

should mean more, or at least not less, vulnerability) it is not easy to make this idea precise in

natural language. What does \more harm is possible" mean? How do for example three mediocre

scenarios compare to one good and one bad scenario? By changing the word order to \harm is

more possible", although one does not get a clear English statement, an intuition is hinted at

that could be captured by assuming more information about uncertainty. The corresponding

statement for the probabilistic case, \harm is more likely", is a statement in correct English,

but what is precisely meant by this? And, should vulnerability increase if harm is more likely?

In the case of probabilistic futures, even the �rst question becomes di�cult: which combination

of the harm values and the probabilities with which each harmvalue occurs determines what

\more harm is possible" means? It depends, seems to be the only possible answer.

However, a \minimal condition" that an aggregation functio n should satisfy for being allowed to

go under the name vulnerability is suggested by the functorial description of uncertain futures

as sets of possible futures with (optionally) added on information: if the \added on" uncertainty

information stays the same while some harm values grow worseand none grow better, vulnera-

bility should not be less. It thus turns out that the general mathematical description is useful

not only for de�ning the desired property for various examples of uncertainty descriptions \all

at once". By pointing out the common parts in the di�erent unc ertainty descriptions, it even

suggests how to formulate a minimal condition that capturesan intuition about vulnerability.
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The thus gained minimal monotonicity condition for the aggregation function is:

Condition 2.5.2 (Monotonicity) . For any non-decreasing functiong : H ! H , and any y of

type FH (i.e. any uncertainty description over harm values),

agg(y) � agg([Fg](y)) :

This makes the above description precise: the functor liftsg to a function on uncertainty de-

scriptions over harm values, which preserves the uncertainty information as it is. g is applied

\inside" where it may increase the single harm values or keepthem constant, but it does not

decrease any. Applying the aggregation to both the given andthe thus modi�ed uncertainty

descriptions over harm values, the latter should not renderthe smaller value.9

The maximum, that was used as an aggregation function before, satis�es this condition, as

does the expected value from probability theory in the probabilistic case. The condition is not

vacuous, however, as another example from the probabilistic setting shows. One might consider

\the most likely harm" as a sensible aggregation, since thisrepresents the consequences, that

the entity will most likely have to face. This aggregation does not satisfy the monotonicity

condition as a simple example taken from Ionescu (2008) shows:

10with probability 0 :4

s 0 with probability 0 :3

1 with probability 0 :3

�
� �3

-
Q

QQs

9
>>>>>>=

>>>>>>;

aggregation = most likely harm ) vulnerability (s) = 10

If the harm values are modi�ed by the non-decreasing function g : N ! N de�ned by

g(n) =

(
1 if n = 0

n otherwise

one obtains

10 with prob. 0:4

s0 1 with prob. 0:3

1 with prob. 0:3

�
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10 with prob. 0:4

s0 1 with prob. 0:6
�

�
��

-

9
>>>>>>>>>=

>>>>>>>>>;

vulnerability (s0) = 1

9 Introducing the function g may seem arti�cial, but it provides a relatively simple desc ription of what is meant.

All description in terms of the simple elements inside the co mplex element y would become more wordy, loaded

with indices, and less clear.
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This illustrates that the \most likely harm" aggregation in the probabilistic setting is capable of

judging a given situation more vulnerable than the modi�ed situation in which no harm value

has decreased and one has increased, which seems contrary tothe vulnerability idea. The reason

for this being possible is that the most likely harm disregards all the information contained in

all the other harm values.

Other properties of the aggregation may be argued about; Calvo and Dercon (2005) provide

some examples when stating, explaining and discussing their axioms.

Again other properties may be less general and hold only for some type of future description.

Consider the probabilistic setting. As soon as one requiressome property that makes reference

to the probabilities involved, this is not applicable in the non-deterministic case. Examples can

be found in Calvo and Dercon (2005).

Adding conditions for some cases may of course lead to the fact that the same aggregation

measure may be admitted in one case and not admitted in another one. An example is the

aggregation function that takes the maximum possible harm. Though formally possible in all

three of our future description types, it may be more or less sensible for the di�erent descriptions.

In the case of non-determinism it seems perfectly reasonable, it represents an application of the

precautionary principle. In the probabilistic case, the maximum may be ruled out by requiring

the aggregation to take into account probabilities. Without going into technical detail here, it

seems reasonable to require that vulnerability should increase if harm becomes more probable.10

The preceding discussion highlights the following points:

� At the most general level, it is rather di�cult to state prope rties that all vulnerability

aggregation functions must necessarily satisfy. Still, some (rather weak but not vacuous)

conditions can be stated at this level of generality. A checkof formal conditions can

be carried out once and for all, and its results are very clear. When using only natural

language, trying to �nd out whether an aggregation admits examples that contradict the

intuition about vulnerability may be a much harder task.

� Properties that vulnerability aggregation functions should satisfy are debatable. The for-

mal framework does not propose a set of axioms set in stone forthis aspect. However,

again, stating the property in explicit mathematical terms will in most cases render the

debate clearer. In this sense, the formal framework is to be understood as a communication

tool for researchers.

� Finally, the formal framework also serves as a tool in analysing and comparing case studies,

by directing attention to questions like: which properties are satis�ed by the measures used

10 Calvo and Dercon's axioms \probability-dependent e�ect of outcomes" and \probability transfer" formalise

similar ideas.
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in one case study and not in another one? What consequences inassessment arise from

using one measure rather than another?

2.6 Time Horizon

As hinted at above, the time horizon plays a not unimportant role in the proposed model.

The time di�erence between t and the time point at which harm is evaluated di�ers greatly

in the various vulnerability studies, it may vary for exampl e from one year (e.g. in studies of

vulnerability to poverty) to a hundred years (e.g. in climat e change studies).

Theoretically, the measurement of harm and the aggregationinto a value of vulnerability can be

undertaken at any time within the horizon. While, with the de �nitions made so far, all results

would simply be \the vulnerability" of the same starting sta te, of course, the results by no means

have to be the same. To avoid confusion, the time horizon could be explicitly attached to the

term vulnerability, as e.g. \10-year vulnerability" etc. T his con�rms a point often emphasized

in the literature: the time scale involved is an important issue in vulnerability assessments (e.g.,

Brooks, 2003).

Obviously, a di�erence in time horizons adds to the di�culty in relating case studies and compar-

ing their results. Returning to the \complete information" image from Section 2.2, the idealised

picture can be extended. The time scale dependence of vulnerability suggests that in order to

gain a more complete picture of an entity's vulnerability, ideally in the aggregation one would

draw upon information from all relevant future time horizon s.

2.7 Conclusions

Vulnerability as used in everyday language describes the property of an entity in a given state

that this entity may be harmed in the relative future. The pri mitives that the notion vulner-

ability can be de�ned upon are an entity in a given state, the uncertain future descriptions of

the situation of the entity and a notion of harm. The mathemat ical representations of these

primitives are a set of statesS, an uncertain future description poss(s) of the entity in state s

and a measuring functionharm . The mathematical de�nition of vulnerability, an aggregat ion of

the harm values in the uncertain future description, is again a measuring function. This function

associates to each state the vulnerability of the entity in that state, an element of a partially

ordered set, which means that two results may be non-comparable, but in general one can say

whether one is greater than the other. This re
ects the fact that the property vulnerability

admits degrees.

The precision of the mathematical de�nition may seem exaggerated for vulnerability as used
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in ordinary language: here, people will rarely think about explicit possible future situations or

specify the evaluation of harm they have in mind. Also, the everyday usage of vulnerability

lacks the measurement aspect that is present in the formal de�nition. This mismatch is not

a problem, since the formalisation of the everyday languageterm was not meant as an end in

itself.

It was seen that the precise description of the structure of vulnerability encourages to investigate

the working understanding one has of vulnerability: which aggregation function would represent

a certain view on vulnerability best? By trying to come up wit h a mathematical description

(especially by choosing the aggregation function), a more precise understanding may be reached.

When using vulnerability as a technical term, this may be bene�cial to avoid some of the

confusion repeatedly asserted in the �eld.

Both the high level of precision and the accentuation of the measurement aspect, which led to the

fact that examples from the scienti�c context came in very naturally, as e.g. the IPCC chapter

on the characterisation of future conditions (Section 2.3), show that the basic formal framework

presented so far lends itself for investigation of the scienti�c concept vulnerability. It will be the

common background against which the structure of scienti�c de�nitions of vulnerability will be

analysed in the following chapter.
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Chapter 3

Vulnerability in Scienti�c Language -

Analysis

Two facts have motivated the idea of using the just presentedformalisation of vulnerability

as used in ordinary language in the analysis of the scienti�cconcept vulnerability. First, the

scienti�c concept is de�ned before the background of the working understanding of vulnerability

that people have. If it were not based on the natural languageuse of the word, there would have

been no reason to use the term \vulnerability". Therefore one can expect technical de�nitions to

show some common form that captures the natural language structure of vulnerability. Second,

the structure of this formalisation has been found in several case studies of vulnerability, as is

shown in detail by Ionescu (2008).

The terminology relating to vulnerability as a technical te rm in the �eld of global change1 is

abundant (Brooks, 2003). Vulnerability is de�ned in terms of other concepts which in turn

have to be de�ned. At �rst sight, de�nitions of vulnerabilit y in the literature seem much more

complex than the formal de�nition given in the previous section. However, the scienti�c concepts

generally �t the structure of the basic formal framework de� nition, as will be shown in the

following section.

In the formalisation process for the scienti�c concept vulnerability, this section presents the

analysis, divided into several steps. The mathematical representation corresponding to the

results of these steps is then the topic of Chapter 4. In Section 3.1 theoretical de�nitions of

vulnerability are analysed, while Section 3.2 deals with how the concept vulnerability is used.

Section 3.3 sums up and discusses the gap found between theoretical de�nitions and concept

usage.

1Technical usage of the concept vulnerability e.g. in the �el ds of computing science or medicine are not

considered here.
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Table 1: vulnerability de�nitions
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3.1 Analysis of De�nitions

While theoretical de�nitions of technical terms are required to be more precise than the working

understanding one has of words in ordinary language, the fact remains that these de�nitions are

given in terms of ordinary language - or possibly in terms of other technical terms, but then

their de�nitions could be �lled in and one would in the end rea ch a level that contains ordinary

language only.2

Thus, in an analysis of theoretical de�nitions it is very lik ely that residual ambiguities will

remain, due to the imprecision inherent in natural language. Nevertheless, these de�nitions serve

as a good starting point for the analysis that aims to producesome clarity in the theoretical

foundations of vulnerability. In order to do the scienti�c c oncept vulnerability justice, later also

the usage of the concept will be looked at (Section 3.2).

The term de�nition is applied here in a broad sense so as to include \descriptions" like \vulner-

ability refers to . . . " rather than concerning only mathemat ical type de�nitions \vulnerability

is . . . ".

A list of vulnerability de�nitions has been collected in Tab le 1. These de�nitions are gathered

from the literature, supported by review articles (Adger, 2006; O'Brien et al., 2007) as well as by

the list provided under www.vulnerabilitynet.org/de�nit ions. The present list is not supposed

to be comprehensive. Many more pages could be �lled with vulnerability de�nitions from the

literature, starting e.g. with the 35 (!) de�nitions collec ted by Thywissen (2006).

These de�nitions are mostly longer than \vulnerability mea ns that harm is possible in the future"

and more complex in that they contain other concepts such as impact, hazard, capacity and so

on. In comparison, the formal de�nition is short because it gives the structure of vulnerability

in a \synthetic" way, that is to say, all inside components and interactions between them are

hidden. Recall that the mathematical de�nition describes an idealised picture: all possible future

evolutions of the system are considered given as if providedby some \black box" that takes into

account all processes and interactions of the entity and itsenvironment, the notion of harm and

the aggregation are just functions.

3.1.1 Common Elements

The table is the result of the �rst step in the analysis: recurrent elements in the de�nitions have

been identi�ed and classi�ed into \topics". The de�nitions are sorted3 by these topics, which

2Otherwise one could �nd out a circularity in de�nitions, whi ch would disqualify all involved de�nitions from

actually de�ning something.
3 In the table, the de�nitions can still be read line by line whe n one skips the blank spaces, therefore it was not

deemed necessary to report the de�nitions again as simple text.
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are: (graded) property, dimensions, who is vulnerable, uncertain future, risk, action, harm, cause

of harm (and \other"). The further analysis proceeds along the topics. Note that the primitives

of vulnerability identi�ed and formalised in the previous c hapter, the \uncertain future" and

\harm", are under the recurring elements of scienti�c de�ni tions.

For some columns, headers and entries can be mapped directlyto the formal framework de�ni-

tion of vulnerability, as is thus easily done for the category harm . Since the harm measuring

function in the formal framework is very general, it subsumes all entries in the table, which ei-

ther paraphrase harm with di�erent emphases, or specify a certain kind of harm. \Harm" itself

as well as \(adverse) e�ects" (\adversely a�ected") and \co ntingencies" are the most general

descriptions of harm. \Impacts" and \stress"/\stresses" e mphasize pressure, while a \(poten-

tial harmful) perturbation" refers to some kind of disturba nce. \Loss" is a more precise kind

of harm resulting from not having something that one had before, and this something is in one

case speci�ed to \property or life". \Damage" is harm to mate rial objects, \poverty" is one

very speci�c type of harm and \injury" links back to the Latin roots of vulnerability, where the

harm was \being wounded".

Similarly, for the column who is vulnerable , the corresponding component of the formal

framework is so general that all table entries are subsumed:they all qualify as entities, at

di�erent levels of generality. The most speci�c entities are \people", a \community", \groups

and individuals" in one case further speci�ed as those \who inhabit a given natural, social and

economic space", in another case generalised to \a person, group or socio-economic structure".

\Someone's life and livelihood" may not seem an entity in natural language, where one would

rather describe the \someone" as the entity; however, in themathematical model, the entity

(the point of interest) can just as well be \life and liveliho od". More general entities are \a

given element or set of elements", \a system" with \subsystem, or system component", where

the emphasis is on the model used rather than on what it represents. In this sense, one has

an indirect description of an entity, while \people" etc. di rectly names the \real-world entity"

under consideration.

The correspondence between table entries and the formal framework may be less obvious for the

�rst column, (graded) property . However, two groups of similar concepts state that vulner-

ability is a (comparative) property just as the formal de�ni tions of vulnerability do. De�nition

2.2.3 can be applied where vulnerability is de�ned to be a property as in the entries \the charac-

teristics/a characteristic", \the conditions", \a human c ondition or process", \the state", since

a predicate is a mathematical description of a property. Thesecond group of entries focusses

on the fact that the property vulnerability admits degrees and thus corresponds to De�nition

2.2.4. In the de�nitions where \the degree, the extent, the magnitude" appears in this column,

vulnerability is equated to this degree and thus to the result vulnerability (s) for an entity in

state s. Since a function can be de�ned by de�ning its value for each point in its domain,
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\the degree" speci�es the function vulnerability . This function, a measuring function, is even

referred to directly by the entries \a measure, an aggregatemeasure, a measure of the degree

and type".4

Thus far, the mapping of the table to the formal framework has been quite straightforward,

and the di�erences between entries did not noticeably in
uence the de�nition of vulnerability. 5

The structure of vulnerability does not change depending onwhether harm is described as an

\impact" or as \loss". In fact, the order in which the columns are discussed was chosen for this

reason.

The groups of entries in the columnuncertain future , deserve a deeper analysis that will serve

to re�ne the formal framework accordingly. The topic \uncer tain future" and some entries still

correspond directly to a framework element, the description of uncertainty. Certainly, the entry

\uncertainty" does, while \the occurence" names a possibility of something speci�c happening.

\The potential" addresses the possibility as encountered in the dictionary de�nition, and \the

likelihood" and similar entries (\is likely to experience" , \the likelihood and scale of") refer to

a probabilistic description of uncertainty.

Before discussing two further groups of entries in this column, let us take a brief excursus:

The common ground in the vulnerability domain is \a consistent focus on the social-ecological

system" (Adger, 2006), (see also Gallop��n, 2006). This speci�es the form of the states of the

world: they include a social and an ecological component that interact (mathematised in Section

4.6). This speci�cation of components allows to also break down the concept of vulnerability

into components.

As a corresponding example consider the most basic distinction made by Chambers (1989):

\Vulnerability has thus two sides: an external side of risks, shocks, and stress to which an

individual or household is subject; and an internal side which is defencelessness, meaning a lack

of means to cope without damaging loss." Thesetwo sidesare causes of vulnerability, an entity

may be harmedbecauseharm is in
icted upon it or becauseit cannot react to avoid this harm.

Thus, the uncertain future description is broken down into auxiliary concepts - \exposure" and

\di�culty in coping" in the de�nition reported in the table - which explain how vulnerability

comes about.

4Not all entries in this column �t into the identi�ed groups, h owever, these mostly occur in second sentences,

which further describe vulnerability. Here, \the interact ion", \multi-layered and multi-dimensional social space"

and \a function" focus on the interaction of di�erent compon ents. \A perception", referring to the \lack of

capacity", speci�es that a property is perceived, and is thu s structurally close to the �rst group.
5 In the case of \property" and \degree" that correspond to di� erent formal de�nitions, this di�erence is not

essential, because the more general de�nition captures both cases. In fact, since no de�nition states that the

property is not comparative, one does not need to restrict to the predicate even for those de�nitions which do not

explicitly mention a degree.
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Returning to the entries in the column \uncertain future", o ne �nds two groups that correspond

to the basic distinction by Chambers into an external and an internal side of vulnerability. These

are \capacity" which relates to the \internal side", and \ex posure" which implies uncertainty

referring to the \external side" of vulnerability. An entit y is exposed to something if this might

(but need not) happen to it.

The group that centers on capacity presents a speci�cation of \possibility" with positive conno-

tation, that concerns the entity's actions: \capacity" and \capability" as well as the negatively

formulated \lack" and \absence of capacity" (with the \di�c ulty" as a less strict case of the

negative formulation) imply that the entity can but need not do something, as is also contained

in the verb \can" and the negative counterpart \is unable to" . Since the analysis of this concept

will take more than a few lines, it is delayed to Section 3.1.4.

The concepts \susceptibility" and \sensitivity" address t he interaction between these two sides,

or more precisely the in
uence of the external side on the entity. While \susceptibility", the

likelihood of being a�ected, describes future uncertainty, \sensitivity" does not directly refer to

the future as should become clearer in Section 3.1.3.

Summing up, capacity and exposure focus on the uncertainty in the system as generated by

the single system components, the entity and its environment. Sensitivity on the other hand

concerns the interaction of the system's components, and determines the way in which the future

evolution of the entity inherits the uncertainty from that i n the single components.

The column titled risk also refers to uncertainty, however, here the focus is on thenegative

consequences. The entries \risk" and \is put at risk" as well as \the threat" combine what is

otherwise found in the two columns \uncertain future" and \h arm": something negative may

but need not happen (a threat), where in the case of risk, probabilistic information about the

uncertainty is usually assumed.6

The two columns \action" and \cause of harm" are related to th e di�erentiation of the uncertain

future. Except for two cases, the action column speci�es the capacity, and examples show

di�erent points of focus: some entries are general, such as \deal with", \react adversely" and

\defend". The other entries can be classi�ed according to the time in relation to an event.

While \cope with" refers to a short-term action, \adapt" imp lies a longer time scale, whereas

\recover" relates to the time after harm has taken place. In the list \anticipate, cope with,

resist and recover" all these time scales, plus one that liesbefore the event under consideration,

are gathered. One exception is the de�nition by Kates (1985), where the \capacity to su�er

harm" shows an unfamiliar use of the usually positively connoted term \capacity". A more

6The relationship between the concepts vulnerability and ri sk is one of the points where many, sometimes

con
icting, interpretations exists. It is treated in Chapt er 5.
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established formulation would be the \possibility to su�er " harm. Thus, \su�er" describes the

\being harmed" from the point of view of the entity. Structur ally, it is a reaction to the event,

just as the other actions listed, the di�erence lies in the content that is negative rather than

positive here.

The column cause of harm provides more detail on the \external side" of vulnerabilit y. The

entries in this column specify what causes the harm and thus what \exposure to " or \suscep-

tibility to " refer to. Two groups can be made out, one of which neutrally lists causes. From

the general to the speci�c entries these are a \(discrete or identi�able) event", \a natural phe-

nomenon", \environmental and social change", and \climate change and variation". The second

group has a negative connotation (\a perturbation or stress/stressor"), or even the connotation

of \the possibility of something negative": \a hazardous event", \a hazard", \a threat", \a

natural hazard", \environmental hazards", \the hazards of place (risk and mitigation)". Both

the construction \vulnerability to", that is closely conne cted to the \cause of harm", and the

concept \hazard" are discussed in Section 3.1.2.

Finally, the column dimensions provides more practically oriented information. It speci� es

which \factors or processes" to take into account in the system description of a vulnerability as-

sessment, with \physical" and \environmental" referring t o the ecological subsystem and \social,

economic, political" and \institutional" specifying the s ocial part of the system.

The column other was added to collect parts of de�nitions that do not address one of these

points. They will not be discussed here.

The preceding analysis has identi�ed common elements of thevarious vulnerability de�nitions

and related these to the formal framework. While there are ofcourse some di�erences resulting

also from the fact that not all de�nitions use all elements, roughly speaking, one can say that all

de�nitions follow the basic structure \vulnerability is a p roperty of an entity and consists in the

fact that future harm (caused by something speci�c) is possible", or shorter \vulnerability is an

aggregate measure of possible future harm." The hypothesisthat scienti�c de�nitions capture

the structure of the ordinary language understanding of vulnerability thus proves true.

Of course, how the elements are linked to each other within each de�nition also plays a role.

Without going too far into detail, the distinctions in the co lumn \uncertain future" make the

most di�erence. There are de�nitions which are at the level of generality of the formal framework

in this respect: the oldest de�nitions reported, by Timmerman (1981) and UNDRO (1982) as

well as Cutter et al. (2000), UNDP (2004) and Calvo and Dercon (2005) do not specify the

uncertainty as belonging to a speci�c part of the socio-ecological system.

In the de�nitions which do specify causes, the relation may be co-ordintation as in Chambers
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(1989): \exposureand di�culty", IPCC (2007): \susceptible and unable to"7, and Bohle et al.

(1994) where \exposure" and \capabilities" are used in two separate sentences8.

Examples of subordination are the second part9 of the de�nition by Blaikie et al. (1994), where

the measure of exposure \includes" the \degree to which theycan recover" and that by Twigg

(2004), where capacity is added to the general uncertain future description in brackets: \(related

to their capacity to ...)". Adger (2006) subordinates both exposure and capacity to susceptibility

to harm.

In some de�nitions, the focus is exclusively on one of the two\sides". Vulnerability is de�ned

only in terms of capacity by Dow (2003) and Kuban and MacKenzie-Carey (2001) here. Other

de�nitions seem to focus on the \external side" or mention the general possibility of harm,

without explicitly naming capacity. Examples in the table a re Cutter (1993), Cannon (1994),

Turner II et al. (2003) and UN/ISDR (2007). An immediate question is whether this di�erence

in de�nitions has implications for the interpretation and u sage of the concept vulnerability. In

order to give an answer to this question, �rst, this usage hasto be looked at. This will be done

in Section 3.2. Before, however, let us provide the more detailed analyses of important elements

in the de�nitions that were promised.

3.1.2 Vulnerability to a Hazard

The construction vulnerability to (a cause)10 is not speci�c to the scienti�c use of vulnerability,

but occurs also in natural language, as demonstrated by the example sentence in the Oxford

Dictionary, \small �sh are vulnerable to predators". \Vulnerability to" attributes the vulner-

ability to a certain factor of interest, the implied meaning is that the possible future harm is

caused by this factor. This is intended for example by the IPCC, which de�nes vulnerability to

climate change, and the same construction can be found when looking more precisely at some

of the de�nitions in the table. For example, the vulnerabili ty de�ned by Cutter et al. (2000),

7A previous version of this de�nition, given by McCarthy et al. (2001), di�ers from this one in one word:

where the 2007 de�nition reads \susceptible to, and unable t o cope with", the 2001 version was \susceptible to,

and unable to cope with". An argument for the new version is th at it stresses that external shocks and inherent

coping ability are co-factors of vulnerability and not alte rnative de�nitions (cf. Brooke, 2003).
8Note that while under www.vulnerabilitynet.org/de�nitio ns the two sentences appear as one de�nition, in the

source these sentences are separated by a about a page.
9The three sentences actually constitute two de�nitions. Th e �rst two sentences can be found on page 9, the

third sentence on page 57 of Blaikie et al. (1994).
10 A di�erent construction that however looks similar is \vuln erability to harm", as used e.g. in \vulnerability

to poverty". While in ordinary language use this seems to be c lear from the meaning of the noun following the

preposition \to", F•ussel and Klein (2006) list the questio n whether vulnerability \should be de�ned in relation to

an external stressor such as climate change, or in relation to an undesirable outcome such as famine" among other

conceptual ambiguities. Ionescu (2008) shows how the symmetry between these constructions can be explained

from the formalisation.
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\Vulnerability is the potential for loss of property or life from environmental hazards", would

be \vulnerability to environmental hazards". This factor o f interest that causes vulnerability

will be included in the formalisation in Section 4.2.

In vulnerability assessments this \factor of interest" corresponds to thethreat or hazard. The

ISDR de�nes \Hazard: a potentially damaging physical event, phenomenon or human activity

that may cause the loss of life or injury, property damage, social and economic disruption or

environmental degradation." (UN/ISDR, 2007). Similar to t he entries from the neutral group in

the column \cause of harm" in the table, the hazard is an event, a phenomenon or an activity.

However, the further speci�cation entails that \it possibl y causes harm".

Interpreting this stucture in the formal framework, where harm is measured in possible future

evolutions of the entity, reveals the often stated fact that a hazard is not determined by the

(natural) event per se, but by the interaction of the event and the entity (e.g., Burton et al.,

1993).

Note that within a de�nition of vulnerability it is actually redundant information to call the

event a hazard, since a substitution of the hazard de�nition into the vulnerability de�nition

renders a statement of the form: \Vulnerability is the possibility of harm from a potentially

damaging event that may cause harm."

3.1.3 Exposure and Sensitivity

When the description of the uncertain future is split up into the components exposure, sensitivity

and capacity, the �rst two of these show a similar grammatical structure: in the table, under

the de�nitions which have an entry in the column \cause of harm", many use the preposition

\to" in the same way in \exposure to", \susceptibility to" an d \sensitivity to" (harm caused

by) a factor.

There is a di�erence between \exposure to" and \sensitivity to" concerning the point whether

uncertainty is inherent in the concept or not. While \exposure to something" at a time t

is determined by the relative future possibility of this \so mething" happening to the entity,

\sensitivity to something" at time t describes how (or how much) the entity is a�ected at time

t, if the \something" happens at time t. Thus, the sensitivity of interest in determining the

vulnerability of an entity at time t, based on a (relative) future time horizonth , is the sensitivity

over the trajectory from t to th , whereas exposure and capacity at timet are relevant for

vulnerability at time t. Therefore, the contribution or in
uence of the factor of in terest will be

represented di�erently for exposure and sensitivity in the formalisation.

While exposure is rarely de�ned, e.g. by neither the IPCC11 nor the ISDR, the IPCC de�nition

11 The de�nition \Exposure: The nature and degree to which a sys tem is exposed to signi�cant climatic varia-
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of sensitivity supports the point made. \Sensitivity is the degree to which a system is a�ected,

either adversely or bene�cially, by climate variability or change." (IPCC, 2007). Being a�ected

happens at the time when the factor of interest takes place (or later in case of inertia), and

sensitivity is de�ned as a plain degree of this, it does not have a predictive quality.

\Susceptibility" on the other hand, connotes a possibility of being a�ected, and thus comprises

a notion of uncertainty. In the de�nitions in the table, this concept plays di�erent roles as shall

be shown in Section 4.5.

3.1.4 Capacity

Many de�nitions of vulnerability presuppose an understanding of the concept capacity or a more

speci�c concept such as adaptive capacity, coping capacity, capacity of response12. In some cases,

de�nitions of these concepts are provided, as for example the IPCC (2007) de�nition of adaptive

capacity: \The ability of a system to adjust to climate chang e (including climate variability and

extremes) to moderate potential damages, to take advantageof opportunities, or to cope with

the consequences." The part of interest here is that \capacity" is paraphrased using \ability".

The Oxford Universal Dictionary (Onions, 1959) lists some interesting points13

� the power, ability or faculty for anything in particular

� capability, possibility

� position, condition, character, relation.

This suppports the above interpretation of capacity as a speci�cation of \possibility", referring

to the actions of an entity, with a positive connotation. In c oncerning actions that \can but

need not" be done, the concept capacity is structurally similar to vulnerability: a (relative)

future described in terms of possibilities (and thus uncertain) is inherent to the property of

having capacity at a �xed point in time. The structural simil arity is underlined also by the

de�nition, \Capacities are the characteristics of communities and people which can be used to

respond to and cope with disasters." (Moench and Dixit, 2007), by the ProVention Consortium

(and others). This de�nition easily �ts the pattern of the ta ble (as far as the \internal side" of

vulnerability is concerned, and with a positive formulation).

A formalisation similar to that of vulnerability would ther efore suggest itself. Consider a non-

deterministic future description, where the di�erent traj ectories are due to di�erent possible

tions." from the Glossary of Terms of the Third Assessment Re port (e.g., McCarthy et al., 2001) does not de�ne

exposure, it paraphrases by using the associated adjective.
12 The concept resilience is sometimes used instead of capacity. It shall however not be treated in this paper.
13 The part of the entry that refers to a measure of volume or cont ent is not of interest here and thus not

reported.
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actions and since it is the entity that chooses the action, noprobabilities will in general be

assigned to them. Capacity could then be formalised as a measure of the possible actions, e.g.

being greater when an entity has more possible actions at hand.14

At this point, however, it shows that theoretical de�nition s alone do not provide enough infor-

mation about the concepts used in the domain of vulnerability. One also has to consider how

concepts are used, as will be done more thoroughly in Section3.2.

For the case of capacity let us anticipate the implications of usage for the formalisation here. A

formal de�nition of capacity along the lines sketched abovewould miss the point of most if not

all vulnerability assessments that treat capacity becausein the literature on vulnerability and

capacity, it is rarely seen that capacity is measured by modelling possible future actions. Rather,

determinants and indicators of capacity are used. These aremeasurements made on the state of

the entity at time t, not in the relative future. Indicators such as GDP per capita, literacy rate

and labour participation rate of women (which are examples from the ATEAM project) measure

the \quality" of the state a system is in, \to capture society 's ability to implement planned

adaptation measures." (Metzger and Schr•oter, 2006). While these are all characteristics of the

current situation of the system under consideration, they are chosen as indicators for (adaptive)

capacity because they provide some information about the possible future evolutions. A \range

of the possibilities of action" is delimited by measuring criteria that make actions possible. As

a simplistic example take capital as an indicator of possible future investments: the level of

capital that an entity has at its disposal provides an upper bound to (and, taking zero to be the

lower bound, thus a range of) possible investments. The indicator measurement provides the

boundaries to the range of possibilities an entity has.

Indicators and how they relate to the formal framework will be returned to in Section 3.2.3. The

formalisation of capacity (Section 4.1) will be so general that it includes indicators, because it

represents the \characteristics-aspect" of capacity, which is also stressed e.g. by Gallop��n (2006):

\Capacity of response is clearly an attribute of the system that exists prior to the perturbation".

As mentioned, some vulnerability de�nitions include capacity while others do not. In some cases,

the aim is explicitly to keep the concepts separate. The ISDRde�nition is actually longer than

reported in the table and continues: \For positive factors, which increase the ability of peopleto

cope with hazards, see de�nition of capacity." (UN/ISDR, 2007). The ProVention Consortium

states, among the reasons for not subsuming capacity under vulnerability, one that addresses the

challenge of combining results arising when components areassessed separately: \vulnerability

and capacity cannot always be seen as two ends of a spectrum. [. . . ] For the sake of clarity, we

therefore propose to con�ne all the resources and capabilities of communities under the term

14 See Ionescuet al. (2006) for a formalisation of adaptive capacity as the set of possible actions.
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\capacity" and to restrict the word vulnerability to factor s that contribute to putting people at

risk."(Davis et al., 2004).

In the formal setting this translates to the word of caution t hat any combination should be

carefully chosen. Ideally, the combination would reconstruct the interaction between the di�erent

factors. The mathematical description will contain a general combination.

If vulnerability and capacity are kept as two separate results of an assessment as suggested here,

the loss of information involved in the combination is avoided. However, there may be a loss in

clarity due to the increased number of results.

3.2 Analysis of Vulnerability Usage

The above analysis of theoretical de�nitions of vulnerability could not explain why \. . . the fact

remains that the word `vulnerability' means di�erent thing s to di�erent researchers." (O'Brien

et al., 2007). Theoretical de�nitions were found to be similar, but this does not mean they

are also used, or madeoperational, in a similar fashion because, as Hinkel (2008) remarks

\in many assessments the theoretical de�nition put forward is far away from the methodology

applied". The di�erences in the understanding of the concept vulnerability that result from this

gap between theoretical and operational de�nitions can certainly not be traced by looking at

theoretical de�nitions only.

Even for a single theoretical de�nition di�erent operation alisations can be found, as the promi-

nent IPCC de�nition 15 illustrates. Its applications by O'Brien et al. (2004) and Metzger and

Schr•oter (2006) represent just two of the many di�erent operationalisations.

How a researcher interprets the concept vulnerability can be most precisely seen at the case

study level, where actual vulnerability measurement methods are described. These being in

mathematical form already, the residual ambiguity residing in natural language is reduced to

the minimum. Ionescu (2008) provides an example of such a case study analysis in the context

of the formal framework that includes the two just mentioned operationalisations of the IPCC

de�nition. The meaning of vulnerability to researchers can thus be analysed by a meta-analysis

of vulnerability assessments. The meta-analysis of impacts and vulnerability, undertaken also

in Workpackage A1 of the ADAM project, addresses this issue among other things.

Information about vulnerability usage may also be found in the longer and more detailed de-

scriptions of concepts provided with the de�nitions (see Kelly and Adger, 2000, for just one

example). Further, conceptual work on climate change and vulnerability dates back more than

15 Here, the reference is to the 2001 IPCC de�nition of vulnerab ility as presented in the Third Assessment report

(McCarthy et al., 2001), di�ering from the de�nition reported in Table 1 only in the use of \and" and \or", see

Footnote 7.
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20 years (Timmerman, 1981; Kates, 1985), and the diverse approaches that have been used to

clarify concepts provide information on their usage. F•ussel and Klein (2006), for example, anal-

yse the \evolution of conceptual thinking" in climate change vulnerability assessments; O'Brien

et al. (2007) discuss \how two interpretations of vulnerability i n the climate change literature

are manifestations of di�erent discourses and framings of the climate change problem"; Adger

(2006) \reviews research traditions of vulnerability to environmental change"; Gallop��n (2006)

uses \a systemic perspective to identify and analyze the conceptual relations among vulnerabil-

ity, resilience, and adaptive capacity within socio-ecological systems"; and several \frameworks"

related to vulnerability have been proposed e.g. by Jones (2001), Brooks (2003), Turner II et al.

(2003) and Luers (2005).

The analysis presented here is based on previous conceptualwork and concentrates on three

distinctions that have been made between di�erent conceptualisations of vulnerability. To this

end, the following section brie
y summarises these distinctions. In Section 3.2.2 these are

analysed with reference to the formal framework. For a more in-depth analysis Section 3.2.3 is

deals with the concept of \social vulnerability".

3.2.1 Distinctions of Vulnerability Types in the Literatur e

As a basis for the following discussion, this section very brie
y summarises some distinctions

in conceptualisations of vulnerability that have been madeby Kelly and Adger (2000), Brooks

(2003) and O'Brien et al. (2007). For future reference, the conceptual evolution described by

F•ussel and Klein (2006) is also sketched. For details, the reader is referred to the respective

articles.

Starting point and end point Kelly and Adger (2000) distinguish de�nitions of vulnerabi lity

to environmental stress according to whether vulnerability assessment is considered the end

point, focal point or starting point of an appraisal.

In the context of climate change, vulnerability is the end point when one works from projections

of future emissions trends via the development of climate scenarios and biophysical impact

studies to the identi�cation of adaptive options (Kelly and Adger, 2000). In this setting \the

level of vulnerability is determined by the adverse consequences that remain after the process

of adaptation has taken place"(Kelly and Adger, 2000).

Vulnerability as the focal point of an assessment, found in the food insecurity and natural

hazards literature as well as some climate change studies, is considered an overarching concept

(Kelly and Adger, 2000). For example in the de�ntion of Watts and Bohle (1993), it comprises

\the exposure to stress and crises, the capacity to cope withstress, and the consequences of

stress and the related risk of slow recovery".
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The third type of vulnerability de�nition, that \represent s a potential starting point for any

impact analysis", focuses on the social dimensions: Kelly and Adger (2000) quote the de�nition

by Blaikie et al. (1994) (reported in Table 1 as the �rst sentence), which de�nes vulnerability

in terms of the human dimension alone. They further refer to the usage of the Late Latin

vulnerabilis, a \term used by the Romans to describe a the state of a soldierlying wounded

on the battle�eld, i.e., already injured, therefore at risk from further attack" (Kelly and Adger,

2000). Arguing that \vulnerability, in this classic sense, is de�ned primarily by the prior damage

(the existing wound) and not by the future stress (any further attack)" they emphasise that \the

vulnerability of any individual or social grouping to some particular form of natural hazard is

determined primarily by their existent state, that is, by th eir capacity to respond to that hazard,

rather than by what may or may not happen in the future." (Kell y and Adger, 2000). A further

feature of this interpretation mentioned is that \vulnerab ility is de�ned in terms of the capacity

to adapt and vulnerability assessment, in this case, is not dependent on predictions of adaptive

behaviour" (Kelly and Adger, 2000).

Biophysical and social Brooks (2003) presents two categories of vulnerability de�nitions:

biophysical vulnerability, determined by \hazard, exposure and sensitivity", \has arisen from an

approach based on assessments of hazards and their impacts,in which the role of human systems

in mediating the outcomes of hazard events is downplayed or neglected"; social or inherent

vulnerability, \the view of vulnerability as a state (i.e. a s a variable describing the internal state

of a system) has arisen from studies of the structural factors that make human societies and

communities susceptible to damage from external hazards (Allen, 2003)." It is \determined by

factors such as poverty and inequality, marginalisation, food entitlements, access to insurance,

and housing quality" and \is not a function of hazard severity or probability of occurence"

(Brooks, 2003). The relation between the two categories16 is described as follows: \In this

formulation [vulnerability as a state], it is the interacti on of hazard with social vulnerability that

produces an outcome [. . . ]. Hence social vulnerability may be viewed as one of the determinants

of biophysical vulnerability."(Brooks, 2003).

Outcome and context O'Brien et al. (2007) base their outcome and contextual vulnerabil-

ity distinction on the distinction by Kelly and Adger (2000) . They identify a di�erence in the

structure of assessments: \Outcome vulnerability is considered a linear result of the projected

impacts of climate change on a particular exposure unit (which can be either biophysical or

social), o�set by adaptation measures." On the other hand, \contextual vulnerability [. . . ] is

based on a processual and multidimensional view of climate-society interactions."(O'Brien et al.,

2007) These two interpretations are linked to di�erent framings of the climate change problem,

16 The stated relation will be challenged and clari�ed in Secti on 4.7.
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which \can be seen as products of di�erent discourses on climate change - discourses that rep-

resent distinct world views and approaches to science." (O'Brien et al., 2007). Further elements

which distinguishing outcome from context vulnerability w ill be mentioned during the analysis.

An Evolution of Conceptual Thinking F•ussel and Klein (2006) distinguish three schools of

thought that each have their own model for conceptualizing and assessing vulnerability. First, the

risk - hazard framework conceptualizes vulnerability as the dose - response relationship between

an exogenous hazard to a system and its adverse e�ects. This will be treated in Chapter

5. Second, thesocial constructivist framework regards (social) vulnerability as an a priori

condition of a household or a community that is determined by socio-economic and political

factors. Finally, a third school of thought, prominent in gl obal change and climate change

research, conceptualises vulnerability as an integrated measure, which includes an external and

an internal dimension. Examples of the third approach are the IPCC de�nition of vulnerability as

well as the `hazards of place' model, which aims to integratebiophysical and social determinants

of vulnerability (Cutter, 1996).

Further, F•ussel and Klein (2006) distinguish four prototy pical assessment stages and illustrate

them using diagrams. These stages areimpact assessments, which \superimpose future climate

scenarios on an otherwise constant world to estimate the potential impacts of anthropogenic cli-

mate change on a climate-sensitive system",(climate) vulnerability assessments, and adaptation

policy assessments.

Vulnerability assessments, which represent an extension of (climate) impact assessments, are

further classi�ed into �rst- and second-generationvulnerability assessments. First-generation

assessments account for important non-climatic factors and consider potential adaptation, while

the second generation includes a more thorough assessment of society's ability to e�ectively re-

spond to anticipated risks through various kinds of adaptations. Adaptation policy assessments

are not so much of interest here since they \aim to contribute to policy-making by recom-

mending speci�c adaptation measures, thus representing a fundamental shift in the assessment

purpose". An extensive discussion of the decision-making context would go beyond the scope of

this analysis.

3.2.2 Analysis of Usage Based on the Formal Framework

Let us now interpret the three distinctions of \starting poi nt and end point", \biophysical and

social" and \outcome and contextual" vulnerability based on the formalisation of vulnerability

as used in ordinary language. Given the picture of all possible future evolutions, vulnerability is

an aggregate measure of the evaluated harm in these possiblefutures. It is clear that real-world

approaches to vulnerability are not concerned with �nding out \ all possible future evolutions".
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However, as the theoretical de�nitions con�rmed that the scienti�c concept is based on the

everyday understanding of vulnerability, in the following we will interpret scienti�c approaches

as approximations of the idealised picture represented by the formal description. It will turn

out that the approximations involved are of two di�erent kin ds, which can be roughly termed

content and (time-)structure.

Thus, let us return to the formal description: harm is measured in the possible future evolutions

which describe the uncertain future of an entity and its environment as viewed in the state under

consideration, s at a given time t. Then vulnerability (s), an aggregation of the harm measured

in this setting, is the vulnerability of the entity in state s.

The state spaceS describes both the entity and its environment, and in the possible future

evolutions, all their interaction is accounted for. In a real-world description of a social-ecological

system a point of focus is chosen: \any conceptual model highlights some aspects of the system

under consideration at the expense of other aspects" as F•ussel and Klein (2006) note. The

qualifying adjectives chosen by Brooks, \biophysical" and \social", highlight these points of

focus in the two di�ering approaches to vulnerability.

End point, biophysical and outcome vulnerability are said to emphasize the ecological, or ex-

ternal, component of the system, e.g. \The hazards and impacts approach typically views the

vulnerability of a human system as determined by the nature of the physical hazard(s) to which

it is exposed, the likelihood or frequency of occurrence of the hazard(s), the extent of human

exposure to hazard, and the system'ssensitivity to the impacts of the hazard(s)." (Brooks,

2003) This occurs `at the expense' of the social aspects and the \the human dimension, [which

has been] rather neglected in past studies..." (Kelly and Adger, 2000). As O'Brien et al. (2007)

mention with respect to the scienti�c framing of climate change: \the focus is disproportionately

on nature [. . . , while] society is typically represented as one box . . . ".

The opposite holds for starting-point, social and contextual vulnerability, where \[v]ulnerability

is considered to be in
uenced not only by changing biophysical conditions, but by dynamic social,

economic, political, institutional and technological structures and processes [. . . ]" (O'Brienet al.,

2007). Here, the external side is included to a minor degree,it \sets the context for the study

[. . . ]. Given the focus on pre-existing constraints on the capacity to respond, it is not, however,

necessary to de�ne precisely the nature of the potential impact [. . . ]" (Kelly and Adger, 2000).

The role of the external side is minimal in approaches which see vulnerability as existing within

systems independently of external hazards (Brooks, 2003).

Of course, even with a focus on one component of the social-ecological system, it is acknowledged

that the other component cannot be completely disregarded.Impacts resulting from a hazard

are \contingent on assumptions about concurrent socio-economic developments [. . . ] including
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[. . . ] the type and level of adaptation measures implemented" (F•ussel and Klein, 2006), and vice

versa: \Vulnerability does not exist in isolation, only wit h respect to exposure to some speci�c

impact or set of impacts." (Kelly and Adger, 2000).

This focus on one of the components of the social-ecologicalsystem is what we denote as a

content distinction. Which category a given assessment falls into is determined by the contents

of the system description: which parts of the social-ecological system are represented, and to

which degree of detail, as well as their (relative) importance makes the di�erence. Note that

it also corresponds to the decomposition coined by Chambers(1989) of vulnerability into an

external and an internal side that was observed in many theoretical de�nitions.

The distinction between the conceptualisations emphasized by the qualifyers \outcome and

contextual" occurs at a di�erent level than that described u nder the heading content distinction.

Here, the di�erent focal points can be made out in the structure of assessments, as well as in

the point of time that is (primarily) considered.

Assessments of end-point, biophysical and outcome vulnerability focus on the description of the

(uncertain) future by employing future projections in the f orm of scenarios or by considering

the likelihood or frequency of the occurence of hazards. Starting-point, social and contextual

vulnerability, on the other hand, emphasize the fact that vulnerability is a property of the state

s at the point of time t under consideration. This \present" state is the object of analysis, which

entails a \shift of focus away from the speculative future." (Kelly and Adger, 2000).

F•ussel and Klein (2006) address exactly this distinction when among the \conceptual and se-

mantic ambiguitites" they list, the question is posed \whet her [vulnerability] is an inherent

property of a system or contingent upon a speci�c scenario ofexternal stresses and internal

responses". The formal description of vulnerability emphasises the inclusion of both elements in

the concept: vulnerability is a present property that depends on possible futures. Again, di�er-

ent approximations of this idealised picture of vulnerability concentrate on either of these two

aspects, the possible futures or the present property. The alternatives described by F•ussel and

Klein (2006), we argue, do not constitute stand-alone descriptions of the concept vulnerability,

but rather focal points of di�erent conceptualisations. In analysis, when focusing on either the

present state or possible futures the corresponding other point cannot be entirely disregarded

without considerably straining the intuition behind vulne rability as used in ordinary language.

When the focus is on the present state, the future as a fundamental idea is still contained in

assessments of vulnerability. This becomes apparent when vulnerability is described as \a state

that exists within a system before it encounters a hazard event" (Brooks, 2003, with reference

to Allen (2003), our emphasis). The possibility of a hazard occuring in the relative future is a

necessary condition for the \state" of vulnerability to exi st. Since this approach to vulnerability
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appears least related to the formal description of vulnerability as an aggregation of future harm,

it deserves a closer look. We return to this point in Section 3.2.3.

Conversely, the structure of assessments in the scenario-based approach corresponds rather well

to the formal framework description: the scenarios represent the uncertain future description

and impacts determined for the di�erent scenarios correspond to the harm function. If these

are then aggregated into a level of present vulnerability, the formal framework can be seen as a

complete description of the assessment.

This last step is not always made in assessments, and thus thereference to the present state

may not be explicit. Saying that vulnerability is de�ned by r esidual consequences is not su�-

cient because residual consequences can be determined for each possible future evolution under

consideration. Which result is thus the vulnerability of the entity under consideration in the

present state? An aggregation function is missing.

At the formal level, this question can be answered rather easily, because the identity function

can serve as an aggregation function.

� If one considers only one future evolution (the `speci�c scenario' mentioned by F•ussel and

Klein (2006)), strictly speaking, the idea of uncertainty in the future description is rather

strained. However, considering this evolution as a possibility, not as a prediction, the

residual impact can formally be interpreted as vulnerability, since it represents a level of

possible future harm (no aggregation is necessary, becauseformally the identity function

quali�es as an aggregation).

� If one considers more than one scenario, there are as many residual impacts, which will

generally be elements of (partially) ordered sets. These can be aggregated into the

vulnerability (s) of the entity in state s (the present state), but need not be. In fact,

given vectors of residual impacts that contain the results for the di�erent scenarios, the

identity function is an admissible aggregation function, since it produces elements of a

partially ordered set, the set of vectors of residual impacts themselves.

This shows that the the general formal de�nition of vulnerability also contains \impact assess-

ments" (cf. F•ussel and Klein, 2006) as a special instance. While the approach formally quali�es

as vulnerability assessment, the fact that the reference tothe present state is not made ex-

plicit when no true aggregation occurs also substantiates the point of view that \[t]his approach

[. . . ] directs attention towards future impacts of climate change, rather than towards present

vulnerability" (O'Brien et al., 2007).

The focus on the future in vulnerability assessments calls for a careful look at \causation",

in which the basic formalisation (and especially the schematic diagram illustrating it) may be

helpful. As one example let us mention the diagram describing �rst-generation vulnerability
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assessment in (F•ussel and Klein, 2006, Fig. 4): this diagram contains an arrow which \indicates

that the potential impacts of climate change on a particular system (in concert with its adaptive

capacity [. . . ]) determine the vulnerability of that system to climate change." F•ussel and Klein

(2006) further explain that this arrow \does not suggest that impacts cause vulnerability. We

note explicitly that the direction of causation shown in Figure 4 would be di�erent if vulnerability

to climate change were de�ned according to the �rst or secondschool of thought", i.e. the dose-

response and social constructivist framings respectively.

Explicitly separating the meaning of \to determine" and \to cause" becomes neccessary because

the future-focused assessment approach works its way backwards from projected future impacts

to present vulnerability that is deduced from these (where this last step is not always explicitly

made). Just for completeness: also in the context of climatechange and the third school of

thought mentioned by F•ussel and Klein (2006) vulnerability is de�ned in such a way that it

is vulnerability (among other things) that causes impacts and not vice versa. An \arrow of

causation" would therefore have the same direction as for the �rst two schools, i.e. the opposite

direction of the arrow that describes how values of vulnerability are determined, namely back-

wards, by deducing them from modelledpotential impacts.

Having seen the two di�erent levels at which distinctions in conceptualisations of vulnerability

can be made, an important point is how these levels relate to each other. In principle, the

distinctions could be independent, which means that theoretically one could devise assessments

with all four possible combinations of focal points: ecological-future, social-future, ecological-

present and social-present.

In practice, however, the focal points show primarily in the combinations ecological-future (cor-

responding to end point, biophysical and outcome vulnerability) and social-present (respectively,

starting point, social and contextual vulnerability). The very possibility of grouping the distinc-

tions in this way illustrates the �xed combinations. The qua li�ers \biophysical" and \social"

refer to the distinction at the content level whereas the future outcome and the present context

that are implied in \outcome", respectively \contextual" v ulnerability refer to the distinction of

time foci. Nevertheless, the approaches described, in bothcases, are those with an ecological-

future versus those with a social-present focus. In the third distinction, which still describes the

same two types of assessment approaches, the qualifyers \starting point" and \end point" even

refer to a distinction that is external to the de�nition of vu lnerability itself: they indicate the

use of the concept within an appraisal.

The �xed combination of foci is no coincidence as conceptualisations have developed based on

certain disciplinary backgrounds and in certain problem contexts (such as food security, natu-

ral hazards and so on). Adger (2006) reviews di�erent research traditions. In the context of

climate change, O'Brien et al. (2007) explain the two types of vulnerability as resulting from
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a scienti�c and a human-security framing of the climate change problem. Di�erences between

these framings show in \prioritized questions, focal points, methods, results and proposed re-

sponses." Similarly, Kelly and Adger (2000) state that the \di�erent views carry considerable

baggage regarding, amongst other things, levels of certainty and uncertainty, policy relevance

and disciplinary focus."

In addition to conceptualisations of vulnerability that ca n be categorised by the above distinc-

tions, there are approaches which explicitly integrate elements from both types of conceptuali-

sation. At the content-level, the idea is rather straightforward. The \third school of thought"

as made out by F•ussel and Klein (2006) combines biophysicaland social determinants of vulner-

ability. Whether and how these integrated approaches also combine the two time or structure

foci is not immediately obvious.

An approach found in many studies that operationalise the IPCC de�nition re
ects the close

association between the biophysical and the future-based focus as well as the social and the

present-based ones: results for the biophysical componentobtained from a modelled future

(potential impacts) are combined with results about the social component measured on the

present state (adaptive capacity) to produce the �nal vulnerability result. A straightforward

approach is to �rst aggregate the results from future scenarios and then combine the result

(referring to potential impacts as viewed from the present)with the (present time) measurement

of adaptive capacity. An example of this type of combination is used by O'Brien et al. (2004)

as the analysis by Ionescu (2008) points out.

However, the structure of integrated assessments may be more complex than this. For example,

Metzger and Schr•oter (2006) also estimate the future evolution of their adaptive capacity index,

using the SRES scenarios. In the form of maps (for di�erent time slices and for the SRES

scenarios), they create a visual combination of indices of potential impacts (represented by

hue) and adaptive capacity (represented by saturation). So, while for each time slice adaptive

capacity focuses on the concurrent point in time, the content focus on the social system has

been shifted inside the di�erent future scenarios. Since the maps, which in the ATEAM study

are not aggregated further, can also be seen as collectivelyproviding information on present

vulnerability, it is clear that the combinations of time foc i and structures found in integrated

approaches may vary considerably.

Note that, compared to the formal description of vulnerability, integrated approaches that com-

bine results from the single components of the social-ecological system still represent an approx-

imation of the idealised picture in which all interactions between the two system components are

taken into account. This is because in any decomposition andre-combination some information

may be lost. Often, the challenge coming with the identi�cation of separate components lies in

specifying the re-combination of results in a way in which the interaction of the components is
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represented to the greatest extent possible.17

A very general description of integrated approaches would allow both possible future harm val-

ues and relevant values measured in the present state to be aggregated into the present value

of vulnerability in one step. The formula representing this kind of aggregation can be found in

Section 4.5.

As a �nal remark for this section, let us draw attention to the fact that the distinctions made

in the literature rarely concern strictly distinct categor ies. E.g. F•ussel and Klein (2006) refer to

the four assessment stages as \prototypes" and note that \[a]ctual climate change assessments

may well combine features from more than one stage." Here, itis even more obvious that these

categories are not crisp, because we see the di�erent types of vulnerability distinguished in

the literature as approximations of the same basic concept -vulnerability as used in everyday

language - with di�erent focal points.

Further, the borders of these distinctions are blurred by integrated approaches, which take

elements from both sides in the distinction between end point, biophysical and outcome vul-

nerability on the one hand and starting point, social and contextual vulnerability on the other

hand. This causes a certain arbitrariness in associating case studies with one of the categories.

Given the added imprecision in natural language, an association of theoretical de�nitions with

one of the two categories becomes even more arbitrary. This can be observed for the IPCC

de�nition of vulnerability which according to F•ussel and K lein (2006) is an integrated measure,

explicitly taking into account also the social side of vulnerability, while for O'Brien et al. (2007)

it falls under one category only: \An example of an end-point de�nition can be found in the

IPCC Third Assessment Report (TAR), . . . ".

3.2.3 Measurement on the Present State - Social Vulnerabili ty and Indicators

This section takes a closer look at assessments with a focus on the present state. Indicators,

often used for this kind of vulnerability measurement, are also discussed in relation to the formal

framework here.

Kelly and Adger (2000) who \use the term `social vulnerability' to underline the emphasis of

this approach on the human dimension" highlight the fact that the vulnerability of individuals

or groups \to [. . . a] hazard is determined primarily by their existent state, that is, by their

capacity to respond to that hazard, rather than by what may or may not happen in the future"

describe the two focal points of these approaches.

The main di�erence between the description provided by the formal framework and vulnerability

17 The challenge of combination was described for the case of vulnerability and capacity in Section 3.1.4.
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assessments with a focus on the present state is the explicitness of the primitives of vulnerability:

an uncertain future description, measures of a negative notion and an aggregation. The formal

framework separates strictly between uncertain future evolution and measures of harm, which

is advantageous for computational assessments. Each component can be substituted (by other

components of its kind) without having to change the other components.

While in future-based assessments these primitives �gure explicitly when vulnerability is deter-

mined from levels of harm in possible future evolutions of the system, the measurement itself

is not described by the formal de�nition in the case of present-based assessments. Still, the

formalisation describes the concept vulnerability also inthis case. This was seen from the fact

that a notion of possible futures is inherent in de�nitions of present-based vulnerability which

employ the concepts capacity (mentioned in the above quote by Kelly and Adger (2000)) and

exposure (\it is intrinsic to the de�nition that vulnerabil ity must always be linked to a speci�c

hazard or set of hazards, so vulnerability and exposure remain inseparable." (Kelly and Adger,

2000)). The fact that the present-based vulnerability concept is captured by the formalisa-

tion also permits assessments that employ vulnerability indicators to be related to the formal

framework.

Note that indicators occur in two \places" in the formal description of vulnerability. These

places are actually the two time foci, present and possible futures. On the one hand, there are

indicators of harm, applied to measure harm in possible future situations. An example relating

to sea-level rise is provided by the DIVA tool (see Hinkel andKlein, 2007), a model which for

di�erent choices of SRES scenarios and adaptation policiesoutputs values for many indicators

such as \people 
ooded", \wetlands lost" etc. Indicators of this kind are referred to by O'Brien

et al. (2007) as relating to outcome vulnerability. They are used to \quantify the extent of the

problem". These indicators thus belong to future-based measurements of vulnerability. In the

formal framework, they are perfectly represented alltogether by one multi-dimensional harm

function and are therefore not of further interest here.

On the other hand, the more interesting second type are \vulnerability indicators". These are

evaluated in the present state and for these indicators the above separation of the primitives

is not feasible, because both the uncertain future description and the aggregation are inherent

to the measure chosen, the indicator. In fact, vulnerability indicators are supposed to provide

relevant information about vulnerability, that is, \possible future harm". They are not separable

into \possible futures" and \harm". When Eriksen and Kelly ( 2006) suggest \a process-based

approach to indicator studies" instead of \aggregating static indicators of local conditions",

this points to the fact that the future is inherent to the measure: a process cannot be de�ned

on one single point in time. Even in cases where change is mathematically represented by a

derivative which is a function and can be applied to a single point in time, the de�nition and

intuition behind this function is that of a limit of values fo r di�erences between two points in
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time, one chosen closer and closer to the other. Clearly, thetime of interest in a process-based

indicator of vulnerability is the future, since one is looking for indicators which provide relevant

information about possible future harm. O'Brien et al. (2007) refer to this kind of indicators

when saying that \[i]ndicator studies can be used [. . . ] to enhance understanding of the causes

of vulnerability".

Social vulnerability18 emerged in the context of disaster risk19 as the \main concept by which

[the] `social causation' [of disasters] is explained" (Cannon, 1994). Cannon (1994), who presents

\a framework of factors and processes which explain how it isvulnerable people who are the vic-

tims of disasters", points out that this \is no mere tautolog y [. . . ] The purpose is to demonstrate

that there are particular characteristics of di�erent grou ps of people (derived from economic,

social and political processes) which mean that with the impact of a particular type of hazard

of a given intensity, some avoid disaster and others do not."In this approach it is essential that

the characteristics can be asserted in the present state.

The aim of identifying causes of vulnerability, which can ultimately be causes of disaster, is a

step towards building a general theory of vulnerability in social-ecological systems. As a matter

of fact, the \great di�culty in accurately determining leve ls of vulnerability" (Cannon, 1994)

and the fact that several \research traditions [. . . ] struggle to �nd suitable metrics for vul-

nerability" (Adger, 2006) can be explained to some extent bythe lack of an agreed theory of

vulnerability.

Let us take an excursus on the issues of theory and measurement for the example of the concept

intelligence because in this respect some similarities with the case of vulnerability arise. Henshaw

(2006) discusses intelligence measurement in comparison to measurement in the physical sciences

and highlights some points that can be transferred to the vulnerability measurement context.

A �rst similarity is that, for both vulnerability and intell igence, measurement \provokes strong

emotional reactions" which are not mainly caused by the attempts at measurement themselves

- \it's how those measurements areused." (Henshaw, 2006). The high stakes involved (e.g. in

adaptation funding decisions, respectively in the admission of a student to a certain school)

contribute to making the measurements controversial.

A second similarity consists in the unresolved question whether the concept should be treated

as one characteristic or split up into several components. Di�erent kinds of intelligence are

proposed (e.g. seven primary mental abilities, proposed byL.L. Thurstone, including verbal

comprehension, number facility and spatial visualization) just as vulnerability is decomposed e.g.

18 Here, as well as in the following, the term social vulnerabil ity is used in the sense of Kelly and Adger (2000):

it refers to those approaches that focus both on the social component of the social-ecological system and the

present state as the object on which vulnerability is measur ed.
19 See also Chapter 5.
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into vulnerability and capacity (Davis et al., 2004). There are arguments both for and against

aggregating the components in both cases, and Gardner (1985) argues that \when it comes to

the interpretation of intelligence testing, we are faced with a question of taste and preference

rather than one on which scienti�c closure is likely to be reached." A similar conclusion seems

to hold in the case of vulnerability.

Finally, both vulnerability and intelligence cannot be measured directly. Therefore, measure-

ments of intelligence are inferred from people's performance in intelligence tests, and these are

contested. While some measurements in the physical sciences are also indirect, the results are

often far less contested. An example given by Henshaw (2006)is the mass of the earth, which

cannot be measured directly but needs to be inferred \from the earth's \performance" (in partic-

ular as it relates to the gravitational forces the Earth exerts)." The main di�erence is that while

the mass of the Earth can be deduced based on Newton's theory,\[d]educing intelligence from

observed performance is more di�cult - there is no universally accepted theory of intelligence

analogous to Newton's theories of motion."

Henshaw cites Kuhn (1961) who \claims that it is far more typical for measurement to follow a

qualitative theory", illustrated e.g. by Newton's three la ws of motion. The experimental con�r-

mation of these laws required \a great deal of superb science" and measurement. However, due

to this con�rmation these laws have become the generally accepted theory. This point seems

di�cult for the cases of vulnerability to climate change and intelligence: experimental con�rma-

tion is not feasible, or in the case of climate change only over very long time horizons. Thus, a

universally accepted theory seems out of reach for now.

Returning to vulnerability conceptualisations, the two ti me foci can also be distinguished with

respect to the issue of theory.

In vulnerability assessments that use modelled futures, a theory about how the system is going

to develop is present. This type of assessments coincides with the content focus on the ecological

component of the system, for which accepted theories of the system evolution seem to be more

readily available than in the case of the social system. The model, which implements a theory

need not be deterministic, uncertainty can be included via scenarios or probabilities etc. To-

gether with a given evaluation of harm and an aggregation, vulnerability can be deduced from

the model results. However, since a model of the system evolution is speci�c to each case, a gen-

eral theory of how vulnerability is caused is not the goal of such an assessment and would exceed

the possibilities of a single assessment. To reach general results from the di�erent cases with

their di�erent models, one would have to consider a comparative analysis of many assessments,

where potential common factors could be identi�ed as possible causes of vulnerability.

Contrariwise, vulnerability research with focus on the social system investigates \underlying
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causes" (O'Brien et al., 2007) or \root causes" (Blaikie et al., 1994) of the aggregate property

vulnerability and is thus more closely related to a theory of vulnerability while at the same time

less (or less accepted) theory about the evolution of the social system component is available.

Often, studies of social vulnerability \reveal key interacting processes" (O'Brien et al., 2007)

which corresponds to a system description. Comparing the distinction of \outcome" and \con-

textual" vulnerability to the di�erent steps of prediction and system identi�cation in control

theory, Ionescu and O'Brien (2006) �nd that \context studie s" rather involve the methods and

goals of analytic identi�cation. In addition, we argue that the causal structures which are being

identi�ed focus directly on vulnerability, and not primari ly on providing a description of the

system evolution, which con�rms that the primitives of vuln erability are not separable in social

vulnerability assessments.

To illustrate this point, let us take a brief look at one of the seminal works, the prominent

conceptualisation of (social) vulnerability by Blaikie et al. (1994), where vulnerability occurs as

a component of risk20 in the pressure and release model (PAR).

Social vulnerability to natural hazards Blaikie et al. (1994) describe \the progression

of vulnerability" from root causes (economic, demographic and political processes that give

rise to vulnerability) via dynamic pressures (which `translate' the e�ects of root causes into

the vulnerability of unsafe conditions) to unsafe conditions: \the speci�c forms in which the

vulnerability of a population is expressed in time and spacein conjunction with a hazard".

The authors note that by `cause and e�ect' they do not imply th at single causes give rise to

single e�ects and that the opposite direction of in
uence, from disaster to root causes, is also

possible: disaster may change for example the power relations in a country (when mass su�erings

contribute to the overthrow of elites) which in turn change root causes. Further, the dynamic

processes that in
uence vulnerability can be unique to particular societies or \nearly universal

because of the pervasive in
uence of global forces". Serious gaps in knowledge concerning the

linkages between underlying causes or pressures and vulnerability are acknowledged and the

PAR is characterised as an oversimpli�ed and static model, because it \suggests [. . . ] that the

hazard event is isolated and distinct from the conditions that create vulnerability."

To overcome the exaggerated separation of the hazard from social processes present in the PAR

model, the `access model', a second model of disaster, is proposed. It focuses on the way unsafe

conditions arise in relation to the economic and political processes that allocate assets, income

and other resources in a society by considering the ability of an individual, family, group, class,

or community to use resources which are directly required tosecure a livelihood. Hazard events

are integrated in the model because nature itself is included in the workings of social processes.

20 The concept risk is discussed in Chapter 5.
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The access model, which \is not a theory, although theories of disaster can be inserted into the

general framework", is presented as an \explanatory and organizational device".

As both the \chain of explanation" presented in the PAR model and the access model aim at

explaining vulnerability, respectively unsafe conditions, they are directed towards a theory of

the phenomenon vulnerability in its aggregated form while the primitives of vulnerability do not

occur individually.

In this research process towards a theory of vulnerability that works on identifying the causal

structures involved, di�culties arise not least from the fa ct that the primitives of vulnerability

are known to di�er from case to case. For example, O'Brienet al. (2007) point out that \what

constitutes `damage' or `negative e�ects' varies across contexts and cultures."

It thus becomes di�cult to associate measurements that can be made on the present state

(indicators) with vulnerability. \Unless the variable and causal links are well established, the

relationship may not hold." as Adger (2006) notes, and the fact that so far no generally accepted

theory exists means precisely that the causal links are rarely well-established.

These di�culties become apparent in many case studies: indicators or so called determinants are

proposed as measures of vulnerability but accompanied by counterexamples where the causal

links do not hold, or are even reversed. One of many instancesis \inequality" used as an

indicator of collective social vulnerability by Adger (1999), who at the same time points also

to the fact that \it is argued that under certain circumstanc es inequality facilitates provision of

services for the good of communities by those with cumulatedassets."

Phrases like \vulnerability changes from place to place" or\vulnerability can change over time"

(Cutter, 1996) summarily acknowledge the problem: the point is not that levels of vulnerability

di�er but that the causal structure of vulnerability does. H owever, there seems to be agree-

ment that \certain factors [. . . ] are likely to in
uence vuln erability to a wide variety of hazards

in di�erent geographical and socio-political contexts" (B rooks et al., 2005). These \generic"

determinants of social vulnerability (Brooks, 2003) provide a step towards a general theory of

vulnerability. Finally, note that in a way the changes in the causal structure of vulnerability

\from place to place" are accomodated by modelling approaches: each model represents the dif-

ferent causal structures of system evolution adapted to thecase under consideration. However,

in comparison to assessments that conduct measurements on the present state, there, the causal

structures of the aggregate vulnerability are rarely addressed as explicitly.

As a last point in this section, let us take a closer look at theselection of indicators. Choosing

an indicator means �xing the relation between the indicator and what is indicated, that is, one

decides whether higher or lower values indicate higher vulnerability. For example, high values of
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GDP are generally associated to low values of vulnerability, while the opposite holds for infant

mortality. This can be called a monotonicity relation: the i ndicator \works" only for those

stresses for which the relation can be assumed (or better, shown) to be the same, as noted by

Adger (2006), quoted above. The approach would break down ifan entity were confronted with

an event for which the monotonicity relation would be reversed.

Eriksen and Kelly (2006) name two criteria for indicator selection: theory and statistics. Both

approaches provide indirect \models of uncertain future harm". In statistics, the future is mod-

elled using data, generally from the past, under the basic assumption that the future will behave

reasonably similarly to the past, so that one can draw conclusions from the data. When indica-

tor selection is based on theory, it is the understanding (anywhere between certain and merely

assumed) of the causation of vulnerability which implicitly describes future harm. Arguing that

vulnerability is determined primarily by the existent stat e allows Kelly and Adger (2000) to

conduct the measurement on this existent state. Roughly speaking, the implicit \model" used

here is that a state with higher (or lower, depending on the �xed relation) indicator scores leads

to more harm in the future.

A special feature of theory based indicator approaches is the impossibility of surprising results,

because the monotonicity relation is �xed. When building and running a model, measuring

harm values and aggregating them, the results may lead to a \surprise" (as occurs for example

in the case of multi-agent models), whereas there is no room for \unintuitive" possible futures

in indicator approaches, because possible futures do not �gure explicitly. Surprise occurs when

given expectations are not met. These expectations can be explained by a judgment about the

\quality" of states, which will in most cases be implicit but could be made explicit as another

measuring function on states capturing this intuitive quality. While indicators measure vulner-

ability by measuring the \quality" of the state under consid eration, in the case of vulnerability

assessment that uses models there is no �xed relation between the \quality" of a state and

its vulnerability result. The \surprising" results are tho se which deviate from a monotonicity

condition between \quality" and vulnerability that one mig ht expect by common sense.

In indicator approaches based on statistics, surprise may reside in the fact which indicators turn

out to be relevant or not, as e.g. Brookset al. (2005) �nd the \unexpected" result that GDP

is absent from their list of key indicators for vulnerabilit y to climate-related mortality. Again,

there is the implicit expectation of a relation between an intuitive state-quality measure and

vulnerability.

Having in mind the illustration image with possible futures and measures on those, it may seem

that assumptions made in the indicator approach are rather bold. However, when building a

model of possible future evolutions (e.g. using scenarios), the making of assumptions is simply

shifted to a di�erent stage in the assessment process.
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In conclusion, at �rst sight the formal framework does not seem to describe those approaches

to assessing vulnerability that use indicators, or more generally all assessments in which the

measurement is based on the state at the time of reference, and not on a relative future and

the possible evolutions. While it is true that the computati onal tools that implement this

framework cannot be applied in such a measurement, nevertheless, we have shown that if the

formal framework is taken as an image that clari�es the meaning of the concepts, and not as

a recipe to be followed in assessments, social vulnerability and indicator approaches can be

described in terms of it.

3.3 Conclusions: The Gap Between De�nitions and Usage

Having analysed theoretical de�nitions and usage of the concept vulnerability, the question

arises how these two parts relate. Unfortunately this question does not allow an insightful

answer, rather one has to again state the gap between theoretical and operational de�nitions

stressed by Hinkel (2008). This section discusses di�erentaspects of this gap: an arbitrariness

observed in the association between di�erent components ofvulnerability within the multitude

of theoretical de�nitions is the topic of Section 3.3.1, while Section 3.3.2 covers the impossibility

of identifying the type of vulnerability approach (social and present-based or ecological and

future-based assessments) from the theoretical de�nitionprovided.

3.3.1 Arbitrariness Between Components in De�nitions

The theoretical de�nitions in Section 3.1 showed a decomposition of the concept vulnerability

into several components, which could be seen as broad causesof vulnerability. Breaking down a

concept into causes has several advantages: the componentsmay be easier to assess each taken

separately, and understanding causal relations is a main ingredient to understanding a system.

Thus, as a good understanding of the system is a prerequisiteof e�ective policy-making (Newell

et al., 2005), identifying causes serves the aim of assessing vulnerability, which is ultimately to

reduce it.

Scienti�c vulnerability de�nitions decompose vulnerabil ity to di�erent levels of detail, and in

general the level of detail increases from theory to practice. The more practically oriented

guidelines for vulnerability assessment often present long lists of factors that contribute to vul-

nerability and accompany \broad" de�nitions with words of c aution such as to \avoid getting

concerned about the particular de�nitions used, and instead concentrate on their general mean-

ing" (Kuban and MacKenzie-Carey, 2001). Since de�nitions in terms of contributing factors are

bound not to �t all cases, there is a certain reluctance towards precise de�nitions in guidelines.

Given the di�culties resulting from ambiguities in natural language, which where observed in
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the analysis of theoretical de�nitions, this warning seemsuseful even in a theoretical context.

\Frameworks for vulnerability assessment" propose a theoretical foundation for the practical

task of assessing vulnerability and therefore lie somewhere in the middle on a scale between

theory and practice. Often, they also provide an intermediate level of detail, as illustrated by

the \framework for vulnerability analysis in sustainabili ty science" of Turner II et al. (2003) that

splits up the concept vulnerability into \broad classes of components and linkages that comprise

a coupled system's vulnerability to hazards."

Let us stick with this example to illustrate an important poi nt concerning vulnerability termi-

nology: while the components of vulnerability that are identi�ed in some cases may correspond

well to identi�ed components of the system under consideration, this by no means has to be

the case. The broad classes identi�ed in the Turner et al. framework partly concern system

components, such as \variability and change in human conditions", which pertains to the social

system while \variability and change in environmental conditions" relates to the ecological sys-

tem. Here, the framework describes what to take into accountin the system description (namely

the variability and change of the system components). Thus aprimitive of vulnerability is ad-

dressed, namely the possible futures of the system, and particularly of the two components of

the social-ecological system. However, other classes, such as \characteristics of exposure", are

components of the aggregate property vulnerability itselfthat do not correspond to a particular

primitive of vulnerability nor to a system component.

Another example of this are the components exposure, sensitivity and adaptive capacity from

the IPCC de�nition. While there is little doubt that adaptiv e capacity concerns the social

system, we argue that exposure, and even more so sensitivity, can only be determined from the

interaction of the system components. The di�culties in att ribution of vulnerability components

to system components appear clearly, when di�erent authorscome to di�erent conclusions, as

in this case F•ussel and Klein (2006) who consider exposure of a system to climate variations

as the external dimension, while the \internal dimension [.. . ] comprises its `sensitivity` and

its `adaptive capacity` to these stressors." Similarly, the various levels of detail in vulnerability

de�nitions are not nested, that is, not every component at a more detailed level can be clearly

attributed to one and only one component at a less detailed level, e.g. sensitivity cannot be

subsumed under just one of Chambers' \external" and \internal side" of vulnerability.

Any attribution, between concepts at di�erent levels of det ail as well as between parts of the

system and concepts, thus involves a certain arbitrariness. In many cases such an attribution is

not even aimed at, that is, the very detailed sub-divisions of vulnerability into factors that can be

found in practical assessment guidelines do not mention (some of) the intermediate distinction

concepts (e.g. sensitivity as a component of vulnerabilitydoes not appear in Twigg (2004), Davis

et al. (2004) and Buckleet al. (2001), while capacity is addressed).
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Further, the same arbitrariness exists between observed phenomena and vulnerability compo-

nents in actual assessments. F•ussel and Klein (2006) provide the example of \the vulnerability

to 
ooding of a country that experiences signi�cant interna l migration from the highlands into

the 
ood plains. This migration changes the exposure of certain population groups to 
ooding

events. Aggregated to the country level, however, the e�ects of migration represent changes

in the sensitivity of the population to 
ooding events." Thi s may be one more reason for not

using the higher and intermediate level components of vulnerability at the case study level, as

observed in guidelines for vulnerability assessment.

In conclusion, one can say that while decomposing vulnerability into components may help to

clarify conceptual ideas, one does not �nd a correspondencewith the operational level. Com-

ponents of vulnerability that are de�ned at one level of detail are not simply sub- or super-

components of components de�ned at a di�erent level, nor do all components unambiguously

map to a system-component. The resulting arbitrariness in attributions between these compo-

nents and in classifying real-world phenomena according tothe components certainly contributes

to the gap between theoretical de�nitions and methodologies applied.

3.3.2 Arbitrariness between Theoretical De�nitions and Us age

Relating theoretical de�nitions and usage of the concept vulnerability, the most insteresting

question is whether usage can be inferred from the di�erent theoretical de�nitions. As mentioned

above, this is not the case. We shall here give an example and several reasons why the theoretical

de�nition put forward is generally not informative as to whi ch type of foci an assessment shows.

Recall the last observations in Section 3.1.1: some de�nitions use only one of the terms capacity

and exposure. It would however not be justi�ed to conclude that de�nitions in terms of capacity

refer to social vulnerability while those using exposure are used in approaches with ecological

focus. Examples which illustrate this very clearly are the de�nition by Cannon (1994) in the

table, or even more explicitly, Adger (1999): \Social vulnerability is the exposure of groups

or individuals to stress as a result of social and environmental change, where stress refers to

unexpected changes and disruption to livelihoods." (our emphasis). Also, within one approach,

sometimes di�erent de�nitions are given. An example here are Blaikie et al. (1994) who present

one de�nition in terms of capacity and one in terms of exposure, both reported in the table (cf.

also Footnote 9).

There are several reasons why theoretical de�nitions cannot be sorted into the classi�cation of

vulnerability conceptualisations from Section 3.2. Both the social and present-based and the

ecological and future-based focus are grounded in the ordinary language use of the concept

vulnerability. Theoretical de�nitions, which re
ect this use, are therefore similar. This may

actually blur the di�erences between approaches when a di�erence in focal points is not explicitly
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addressed because the similarities in theoretical de�nitions suggest that a common understanding

has been reached.

The analysis in Section 3.2 showed that the distinctions between approaches are a question of

focal points, focusing on either of the social and the ecological system and at the same time on

either the present state or possible future evolutions. It was pointed out that these are however

not crisp distinctions and both approaches were seen not to preclude the respective other points.

In theoretical de�nitions therefore often both the focal points and the points of minor importance

are mentioned for completeness. Being short statements, theoretical de�nitions alone do not

provide the information which of the two points is emphasised.

Further, theoretical de�nitions, being abstract and often rather general, may be operationalised

in quite di�erent ways. Sometimes operationalisations of the same de�nition may fall into dif-

ferent categories of vulnerability usage. As stated above,the IPCC de�nition has been classi�ed

in di�erent ways by di�erent authors. In this example, the in terpretation of the words \unable

to cope" may provide the clue to classifying an assessment. Extreme cases here would be an as-

sessment that assumes adaptation and non-adaptation as scenarios in a model-based approach

with focus on the climate system. This would �t the descripti on of \outcome" vulnerability

where \society is typically represented as one box" by O'Brien et al. (2007). On the other hand,

the \unable to cope"-component of vulnerability could be an assessment of adaptive capacity

that has all the features of social vulnerability assessments. The distinction of �rst- and second-

generation vulnerability assessments by F•ussel and Klein(2006) would �t these two cases, which

nevertheless share a common theoretical de�nition.

Imagine taking part in a quiz that consists of associating a theoretical de�nition of vulnerability

with the type of usage that it comes from. A person who is a little bit familiar with the literature

on vulnerability to climate change would probably have di�c ulties when presented only the exact

wording of the de�nition, while, adding the author's name would greatly simplify the task.
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Chapter 4

Vulnerability in Scienti�c Language -

Mathematics

This section provides re�nements to the basic formal framework from Chapter 2 that are useful

to capture the components found in the analysis of concepts in Section 3.1. In the formalisation

process, this constitutes the translation and de�nition steps. Formal vulnerability de�nitions

that use these re�nements will then be speci�cations of the general vulnerability de�nition

provided above. Note that returning to a mathematical description means also returning to

an idealised picture portraying auxiliary concepts such asexposure and sensitivity, and not

necessarily portraying actual assessments. The fact that future-based approaches are rather

closely described by the formalisation, whereas for the present-based approach, the formalisation

can be seen as a means to clarify concepts but does not re
ect how the measurement is done,

will also be observable in this chapter. The formalisation of capacity (and social vulnerability)

will be general enough to capture the present-based approach. While this is useful in relating it

to other approaches, it is not detailed enough to be informative for this approach in itself.

Recall the general de�nition of vulnerability as a measuring function obtained from an aggrega-

tion over the harm values measured in possible future evolutions, visually

s1 harm h1

s s2 harm h2

s3 harm h3

�
� �3

-
Q

QQs

9
>>>>>>=

>>>>>>;

aggregation = vulnerability (s)

As was seen in the analysis, vulnerability is broken down into other concepts. Let us start the

formalisation of these concepts from the Chambers distinction into an internal ( int ) and an
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external (ext) side. This means

vulnerability (s) = ext(s) � int (s);

where � stands for their not yet further speci�ed combination. These two components of the

function vulnerability will be formalised as corresponding to the two types of usagediscussed

in Section 3.2 (with the obvious association ofext with the ecological and future focus andint

with the social, present-based focus1).

From the point of view of the social-ecological system with components in interaction, the idea of

separating the components seems a bit forced; also it was seen that the types of usage correspond

to di�erent focal points, not to exclusive restrictions to o ne component. The respective other

component of the system appears as the poor cousin in the analysis, but it cannot be neglected

completely. This is also the idea behind the components here. For example, ext might be based

on a roughly speci�ed level of adaptation (cf. the stylised dumb, typical, smart or clairvoyant

farmer in F•ussel and Klein (2006)). At least a rudimentary r epresentation of the social system

is always present because even by \doing nothing" the systemwould be in interaction with its

environment.

Vulnerability assessments that consider only external or only internal vulnerability can be repe-

sented by de�ning the combination operator � to simply ignore the respective other side and

output the result of the considered component. For assessments in which both sides are con-

sidered, specifying properties that the combination must satisfy means making assumptions

explicit. Formally, the combination operator � takes two elements from ordered setsVext and

Vint and combines them into a value inV , in formulae � : Vext � Vint ! V . A natural condition

is that of monotonicity in both components: if the value of one component increases while the

other component remains constant, the combination must notdecrease.

In theoretical de�nitions internal vulnerability was desc ribed as determined by the capacity of

the entity to act. Therefore, one can also expressvulnerability as:

vulnerability (s) = ext(s) 
 capacity(s);

with 
 : Vext � C ! V , where C is an ordered set of capacity values. The combination
 is

not the same as before, because capacity is not equal to internal vulnerability, but relates to it

in some speci�c way, that needs to be accounted for in the combination. For example, due to

the positive notion of capacity and the negative one of vulnerability - or as expressed by F•ussel

and Klein (2006): \Under ceteris paribus conditions, adaptive capacity and vulnerability are

negatively correlated." - this \speci�c way" should satisf y the condition of anti-monotonicity:

a higher value of capacity corresponds to a lower value of internal vulnerability. A simple but

1Note that Brooks (2003) also proposes the term \inherent" vu lnerability for \social" vulnerability, which

highly resembles our \internal" component.
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intuitive example is reversing the sign, if capacity(s) = � int (s), then this minus will also be the

di�erence between � and 
 , i.e.

vulnerability (s) = ext(s) � int (s) = ext(s) 
 (� int (s))

= ext(s) 
 capacity(s) (4.1)

Under some assumptions about the form of the uncertain future description and the combination


 , this vulnerability de�nition is a special instance of the general de�nition from Section 2 as

shown in Chapter 6 (see also (Ionescu, 2008)).

Note that external vulnerability does not generally correspond to the case where capacity and

vulnerability are purposefully kept apart, because there,the distinction is drawn along another

line, namely that between positive and negative components.

Let us �rst take a look at the second component in the last equation, . . .

4.1 Capacity

Capacity as an \attribute of the system" is mathematically r epresented by a measuring function

on states of the system.

De�nition 4.1.1. capacity : S ! C is a measuring function on states, that is,C is an ordered

set (or as above has multiple dimensions which are ordered).

What this function measures can be sketched in a similar way as the schematic image for

vulnerability: the ability to act concerns the range of possible action. However, the measuring

function is not assumed to be an aggregation of actions that have been taken along possible future

trajectories. Respresented by dotted arrows, the possiblefutures are a background image of what

capacity means, not a description of \how it is determined". The measurement is undertaken

at the time t for which vulnerability is assessed, and is understood to bean indication of this

range of possible action, thus implicitly containing a viewabout the uncertain future. However,

possible futures, actions taken and an aggregation do not occur explicitly in this measurement.

s1 action a1

capacity(s) s2 action a2

s3 action a3

ppp
ppp

ppp
p*

p p p p p p p-
ppppppppppj
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4.2 The External Side

To complete the discussion of the vulnerability componentspresented in equation (4.1), external

vulnerability has to be de�ned. A concept that is not found in the table, but is often used in

vulnerability assessments, is useful here: the potential impact. In many vulnerability studies,

\potential impacts" are computed referring only to this ext ernal side of vulnerability (e.g.,

Metzger and Schr•oter, 2006).

Thus, the possible future evolutions are modelled without considering more than a rudimentary

representation of the social system or of actions of the entity itself. To distinguish between this

case and the idealised picture of full information about possible futures, let \impact" denote

an \external harm" that is measured on this type of possible future descriptions. External

vulnerability aggregates potential impacts, or in other words, the impacts measured along these

possible future trajectories:

s1 impact i1

s s2 impact i2

s3 impact i3

�
� �3

-
Q

QQs

9
>>>>>>=

>>>>>>;

aggregation = ext(s)

where,

De�nition 4.2.1. impact : Evol ! H1 is a measuring function on evolutions.

The notation H1 for another ordered set is used to recallH for harm values, and similarly in

the following for V with indices. In many cases, some of these sets are going to beequal, they

might for example be the set of positive real numbers.

De�nition 4.2.2. Given a state of the world s, an uncertain future description poss(s) of type

FEvol , two ordered sets (or partially ordered multi-dimensional sets with ordered components)

H1 and Vext , a measuring function for impacts,impact : Evol ! H1 and an aggregation function

agg : FH 1 ! Vext , the external vulnerability of the entity under considerat ion in state s is

ext(s) = agg([F impact ](poss(s))) ;

that is, ext is a measuring function de�ned on states,ext : S ! Vext .

The separation into internal and external vulnerability becomes more interesting for the gram-

matical construction analysed in Section 3.1.2, vulnerability to a factor of interest, the hazard.

The formal de�nition of vulnerability to a factor di�ers fro m the general one only in that in-

stead of measuringharm , one measures \harm attributed to the factor". Of course, this does
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not mean that the harm is caused by the factor alone, a hazard exists only based on the inter-

action of the entity and its environment. Harm is triggered by the factor. Since in most cases

internal vulnerability or capacity is not directly linked t o the hazard, as seen in assessments of

\generic capacity" (cf. ATEAM's \generic index of macro-sc ale adaptive capacity", Metzger and

Schr•oter, 2006), the useful formalisation here will be

vulnerability to factor (s) = ext to factor (s) 
 capacity(s): (4.2)

If one wants to stress the fact that di�erent capacities might be needed to deal with di�er-

ent factors, one could replacecapacity with a measuring function for this speci�c capacity,

capacity to factor . This is however rarely found, as was discussed in Section 3.2.

Now, ext to factor (s) is built analogously to ext from a measuring function factorimpact that

measures the impact as related to this factor.

De�nition 4.2.3. Given a measuring functionfactorimpact : Evol ! H1, external vulnerabil-

ity to this factor is

ext to factor (s) = agg([F factorimpact ](poss(s)))

Note that this factor was purposefully not called \hazard" b ut simply \factor" to avoid the

redundancy noticed above. In fact, as the property of \beinga hazard" is determined only by

the possibility of triggering harm, in the case where the (partially) ordered set of vulnerability

values contains an element 0 that represents \no vulnerability", a hazard can be de�ned as

De�nition 4.2.4. A factor is a hazard to an entity in state s if vulnerability to factor (s) 6= 0.

Thus, again, the causal relationships have to be consideredcarefully. While it is the factor

that, together with other things, causes vulnerability, and one thus says that the hazard causes

vulnerability, it is actually the presence or absence of vulnerability that determines whether or

not this factor is a hazard.

The impact triggered by a factor occuring along a future trajectory can be further decomposed

into the presence of this factor and the degree to which the entity is a�ected by the factor. This

last concept is known under the name of . . .

4.3 Sensitivity

The degree to which a system is a�ected is formalised as a measuring function on possible

trajectories

De�nition 4.3.1. sensitivity : Evol ! H2 is a measuring function de�ned on evolutions.
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Or, as illustrated by the diagramme2

s1 sensitivity q1

s s2 sensitivity q2

s3 sensitivity q3

�
� �3

-
Q

QQs

To determine the impact along a future trajectory using sensitivity, the second necessary infor-

mation is whether and \how much of" the factor has occured along this trajectory. Therefore,

another measuring function on trajectories is de�ned that to each possible trajectory associates

the \presence of the factor". In the simplest case, this could be a predicate \the factor was

present/was not present" but in most cases it is going to be a general measuring function,

taking into account, for example, the intensity of the factor (
ood height, earthquake strength

etc.) and possibly duration etc. This measuring function measures the characteristics of the

factor (in hazard research also referred to as \dimensions", Burton et al., 1993) for each possible

trajectory.

De�nition 4.3.2. factorpresence : Evol ! H3 is a measuring function on evolutions.

The mathematical translation of \decomposing" impacts int o sensitivity and factor presence is

that factorimpact can be obtained by a combination, � : H3 � H2 ! H1, of factorpresence

and sensitivity , or more precisely that

factorimpact (sj ) = i j = f j � qj = factorpresence(sj ) � sensitivity (sj )

As a consequence, external vulnerability to a factor is

s1 f 1 � s1

s s2 f 2 � s2

s3 f 3 � s3

�
� �3

-
Q

QQs

9
>>>>>>=

>>>>>>;

aggregation = ext to factor (s)

4.4 Exposure

The measuring function factorpresence can be employed to de�ne the exposure of an entity to

this factor, which seems to be a relevant information for questions about vulnerability to the
2The symbol qj is used for the sensitivity in state sj , because, unfortunately, the �rst letter of \sensitivity" is

already used for states. Similarly, later \factor presence " will be denoted f j although the emphasis should be on

\presence", because smallpj have been used for probabilities before.
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factor. Since exposure shows the same structure (uncertainfuture possibility) as vulnerability,

with the di�erent content of \the factor occurs" instead of \ harm", the mathematical description

looks just like this:

De�nition 4.4.1. Given a state s, an uncertain future description of type F Evol , a measuring

function for factor presence as de�ned above and an aggregation function agg : FH 3 ! VExp ,

exposure(s) = agg([F factorpresence](poss(s)))

or, if preferred:

s1 factor presencef 1

s s2 factor presencef 2

s3 factor presencef 3

�
� �3

-
Q

QQs

9
>>>>>>=

>>>>>>;

aggregation = exposure(s)

However, de�ning external vulnerability just in terms of th is \exposure to the factor" value

and the sensitivity function is usually mathematically not possible. The possible futures, that

sensitivity is applied to, in general cannot be recovered from the aggregation exposure(s) which

is an element ofVExp .

And in fact, most de�nitions listed in the table do not speak about exposure to the factor, but

\exposure to harm from the factor". If, in order to represent this, one substitutes factorimpact

back into the exposure de�nition in the place of factorpresence, again the de�nition of external

vulnerability is obtained. Thus, a \possibility of harm", \ susceptibility to harm" and \exposure

to harm" refer to the same structure. The only de�nition in th e table, where exposure refers

directly to the factor is that by Turner II et al. (2003). However, here the wording is that \a

system [. . . ] is likely to experience harm due to exposure to ahazard [. . . ]." which again suggests

that the hazard presence is incorporated into the measure ofimpact .

That said, exposure to a factor as de�ned above can still be a useful approximation of external

vulnerability, for example in cases where sensitivity can be assumed constant, or has to be as-

sumed constant due to measurement constraints. Further, exposure is an exclusionary criterion:

while positive exposure in
uences but does not necessarilydetermine vulnerability, if exposure to

a factor is zero, one can conclude that vulnerability to thisfactor is also zero.3 This information

can be provided even by the aggregated exposure value.

3A similar relation is stressed in the conceptualisations of risk between exposure and risk. See Chapter 5.
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4.5 Summing up - Vulnerability Re-/De-�ned

Now that the components of vulnerability are de�ned, if one follows the decomposition described

above, the general formal de�nition of vulnerability to a ha zard assembles to:

vulnerability to factor (s) = ext to factor (s) 
 capacity(s)

= agg([F (factorpresence � sensitivity )](poss(s))) 
 capacity(s)

with all the elements in this equation de�ned as in the previous sections. The graphical illus-

tration of this formula is this:

s1 f 1 � s1

s s2 f 2 � s2

s3 f 3 � s3

�
�

���

-
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@@Rpp
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9
>>>>>>>>>>>=

>>>>>>>>>>>;

aggregation = ext(s)

capacity(s)

9
>>>>>>>>>>>>>=

>>>>>>>>>>>>>;


 -combination = vulnerability (s)

(4.3)

Many assessments that are based on the IPCC de�nition of vulnerability �t this scheme, as

Ionescu (2008) has shown for the case studies by Luerset al. (2003) and O'Brien et al. (2004),

as well as the ATEAM study.

The IPCC de�nition itself, being a theoretical de�nition ex pressed in ordinary language, can also

be interpreted di�erently and is thus not possible to formal ise in this way in a unique manner.

Let us rewrite the �rst sentence of the IPCC de�nition,

Vulnerability is the degree to which a system is susceptibleto, and unable to cope

with, adverse e�ects of climate change, including climate variability and extremes.

Vulnerability is a function of the character, magnitude, and rate of climate change

and variation to which a system is exposed, its sensitivity,and its adaptive capacity.

as a pseudo-formula to illustrate the similarity to the formalisation of external and internal

vulnerability above.

vulnerability (s) = susceptibility to CC (s) � inability to cope with CC (s)

= susceptibility to CC (s) 
 capacity(s)

Note that � represents \and", which in an earlier version of the de�niti on4 was \or". These

equations suggest that susceptibility corresponds to whatwas called external vulnerability above.
4Cf. Footnote 7
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Assuming, as above, that the \inability to cope" is determined by the (in this case \adaptive")

capacity of the entity, the second sentence of the de�nitionfurther suggests that \susceptibility"

is determined by \the character, magnitude, and rate of climate change and variation to which

a system is exposed" and sensitivity. This component resembles the potential impacts and

thus external vulnerability above. However, the functional dependence, and with this also the

combination of the di�erent components, is not further speci�ed.

While the above formalisation is a possible (and commonly seen) approach, especially for inte-

grated approaches to vulnerability, as discussed in Section 3.2.2, di�erent combinations and also

variations of the elements used here would be possible. Justto provide one more general formula,

consider the case named in that section, where the general aggregation immediately includes

also values of capacity measured on the present state. Then,aggregation : FH 1 � C ! V and

vulnerability (s) = aggregation
�
[F (factorpresence � sensitivity )](poss(s)) ; capacity(s)

�

alias

s1 f 1 � s1

s s2 f 2 � s2

s3 f 3 � s3

�
�

���

-

@
@

@@Rpp
pp
pp
pp6

capacity(s)

9
>>>>>>>>>>>>>=

>>>>>>>>>>>>>;

aggregation = vulnerability (s): (4.4)

This case generalises the previous one because for an uncertainty structure of impacts, denoted

F impacts, and a capacity value c, the general aggregation can be obtained by applying �rst

the external aggregation and then the combination:

aggregation(F impacts; c) = agg(F impacts) 
 c

More importantly, it is an instance of the formalisation fro m Chapter 2 of vulnerability in ordi-

nary language if the uncertainty description of the future is extended by the present state.

Having seen the impossibility of uniquely representing theIPCC de�nition formally, it seems

rather useless to check whether and how all the theoretical de�nitions of vulnerability represented

in Table 1 can be assembled out of the identi�ed and formalised components. To underline this

point consider the de�nition by Adger (2006):

Vulnerability is the state of susceptibility to harm from ex posure to stresses asso-

ciated with environmental and social change and from the absence of capacity to

adapt.
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In a pseudo-formula, this could read

vulnerability (s) = susceptibility (s) = exposure to harm(s) � absence of capacity(s)

In contrast to the correspondence between susceptibility and external vulnerability found in the

IPCC de�nition, \susceptibility" here seems to contain cap acity. In both cases, the understand-

ing of \susceptibility" is taken for granted, the term is assumed known from ordinary language.

The problem observed here relates back to Section 3.3.1: when a concept is broken down into

factors, the attribution between di�erent levels of detail is somewhat arbitrary. The natural

language concept \susceptibility", not precisely de�ned, can be applied to fewer or more fac-

tors. The IPCC de�nition uses it at an intermediate level bet ween vulnerability and the three

components, while in the de�nition by Adger, it appears at th e same level as vulnerability.

As de�nitions of vulnerability in natural language will alw ays contain terms that are \understood

by common use", this type of imprecision is hard, if not impossible, to resolve. Here, the warning

common in guidelines for vulnerability assessment to \avoid pedantic debate" about de�nitions

is justi�ed: dissecting theoretical de�nitions to the last is pointless due to residual ambiguities

in natural language. Applying this technique to operational de�nitions by analysing what has

actually been measured in vulnerability assessments produces clearer results as can be seen in

Ionescu (2008). Clarity of de�nitions in case studies can then support the comparison of the

results from the assessments.

To conclude this section with a bold statement, one could argue that just as analysing theoreti-

cal de�nitions beyond a certain intuitive understanding wh ich goes back to the basics presented

in Chapter 2 is pointless, it is similarly not very useful to propose new and detailed theoretical

de�nitions of vulnerability and related concepts with the a ssessments done. Each added de�ni-

tion may actually further blur the understanding of the concept by introducing (never precisely

de�ned) terms from ordinary language, or using them in a di�erent manner.

4.6 Combined States - the Social-Ecological System

In this whole formalisation chapter, while reference was made to the social-ecological system,

we preferred not to decompose the state space into the two components for several reasons. One

aim was to keep the notation as clear as possible. Also, this choice re
ects that the formalisation

of vulnerability uses the idealised representation of possible futures of the combined system in

which all interactions of the two subsystems are accounted for. When decomposing into compo-

nents, one has to specify whether and how each component is included in the auxiliary concepts

de�ned. Having seen that e.g. capacity focuses on the socialcomponent but is never completely

independent from the factor of interest stemming from the ecological system, a general formu-

lation of how the ecological system enters into the concept is di�cult. Each speci�cation would
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most probably exclude some assessments. Therefore, the \synthetic" representation of the state,

including both system components, was preferred here.

Nevertheless, on a case to case basis, where the combinationof the components is speci�ed,

a description in terms of the two component systems will be useful. Therefore, this section

adds a representation of combined states to represent the social-ecological system, or a system

that has as subsystems the entity and its environment. The re�ned description of states and

future evolutions in these terms can be substituted into theabove formalisation of vulnerability.

However, the idea will just be sketched brie
y, because thistopic is closely related to the

mathematical concept of a dynamical system, which is not addressed here.5

Let us return to the description of the situation that the ent ity �nds itself in, the \state of

the world" s, which is an element of the state spaceS. When referring to the social-ecological

system, thisS contains the social and the ecological system. To make the two system components

explicit, one assigns its own state space to each component,say X for the states of the social

and E for the states of the ecological system. Then, the state space of the combined system is

S � X � E . Any state of the social-ecological system is a pair of states, s = ( x; e) with x the

state of the social ande that of the ecological system. This does not mean that any combination

of x-es ande-s needs to be possible, some states of the social system may be incompatible with

some states of the ecological system. This was expressed by allowing S to be a subset ofX � E .

Of course, the social-ecological system interpretation isjust an example, S = X � E can be used

as needed. An important case is that whereX describes the state of the entity andE that of

its environment. This is suggested by the distinction Chambers makes of vulnerability, into an

internal and an external side.

Possible future evolutions, as before, are trajectories ofstates and uncertainty can be represented

in di�erent ways. Caused by the interaction between the systems, it is generally not possible

to decompose the future evolution into separate evolutionsof the component systems. Thus, to

determine the evolution of one component system, the state of the other component is usually

required as an input.

4.7 Conclusions and Outlook for the Formal Framework

We argue that the formal framework of vulnerability presented here answers the question

\whether it is possible to integrate these two interpretati ons [outcome and contextual vulner-

ability] into a comprehensive and formal framework for understanding vulnerability to climate

change", posed by O'Brienet al. (2007), positively as far as the concepts are concerned. It was

shown that the formal de�nition of vulnerability as used in o rdinary language provides a general

5See Ionescu (2008) for di�erent possibilities of system combinations.
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description of the concept vulnerability, which scienti�c approaches then re�ne. Theoretical

de�nitions, similar regardless of the di�erences in how they are then used, are instances of the

basic formal de�nition, which could be termed their common denominator. The basic formal

de�nition is thus one de�nition which �ts all cases, an entity whose existence seems impossible

to many researchers in the domain of vulnerability.

The distinction between the two types of assessment approaches can be explained by di�erent

points of focus within the structure of the aggregation of possible future harm, thus, the two

interpretations are both integrated into this formal frame work. Assessments of vulnerability pro-

vide approximations to the concept in its idealised description. While this is true for both types

of approaches, for the \biophysical end-point outcome ecologically-focused and future-focused"

approach it was further seen that the formalisation also describes the method of assessing vul-

nerability rather closely. Possible future evolutions aremodelled and harm is measured for these.

The re�ned formalisation accounts for the decomposition ofharm into sensitivity and the char-

acterisation of the hazard. Only the aggregation may be missing and thus the reference to the

present may be rather weak, however, the formalisation was seen to capture even the case where

no aggregation is applied by admitting the identity as an aggregation function. For future based

assessments, the computational tools developed based on this framework (see Part II) can thus

be applied in a straightforward manner.

However, returning to the above question, the phrase \understanding vulnerability to climate

change" has to be treated carefully. If understanding vulnerability means knowing the causes

of vulnerability, the formal framework cannot directly hel p answering the question positively.

It spells out the structure of the concepts involved, and as was seen, the concept description

seems to work backwards: an entity is vulnerable if harm is possible in the future, and for the

future based assessment type analyses of possible future harm are employed to determine the

level of vulnerability. However, harm is possible because the entity is vulnerable, not the other

way around.

The problem of identifying causes for the harm that possiblyoccurs in the future is treated by

frameworks for vulnerability assessment, or by guidelinesfor assessment, which identify \broad

classes" of causes, respectively provide information on how to conduct assessments and which

factors to consider. In the formal framework, models of causality are left to the user to be �lled

in (e.g. as models of possible futures which represent causal structures) and by doing so to be

made explicit.

Thus, it not only circumvents but even addresses a well-known problem. Newell et al. (2005)

remark that building a shared language is not su�cient when disparate models of causality are

to be integrated, and quote the warning that \[a] common language may still hide divergent

assumptions" by Pickett et al. (1999) in this context. Although the formal framework proposes

a common language, the mathematical formulation, that forces assumptions to be made explicit,

68



D-A1.1 Formal Framework of Vulnerability ADAM 05/03/2008

does not leave room for terms that are seemingly agreed upon,while people still have di�erent

models and examples in mind (Newellet al., 2005).

The strength of the formal framework, clarifying concepts, can be illustrated by challenging a

statement by Brooks (2003): \social vulnerability may be viewed as one of the determinants

of biophysical vulnerability". This is in contradiction to the distinction made between the two

approaches on the system focus level, where \[s]ocial vulnerability is determined by factors

such as poverty and inequality, marginalisation, food entitlements, access to insurance, and

housing quality". Biophysical vulnerability, a concept in which \the role of human systems in

mediating the outcomes of hazard events is downplayed or neglected" is thus not determined

by social factors, neither as a concept nor in assessment praxis. The motivation for stating

this relationship between biophysical and social vulnerability can be found in a statement made

about the latter: \In this formulation, it is the interactio n of [the] hazard with social vulnerability

that produces an outcome . . . ". As the hazard is prominent in the biophysical approach, the

conclusion here should be that social vulnerability (and just as well biophysical vulnerability) is

a determinant of vulnerability if measured in an integrated fashion, which is very similar to the

\full information" picture in the formalisation but clearl y di�erent from biophysical vulnerability

with its narrow focus on the hazard.6

Having seen that a mathematical and thus precise description of strucutres can be helpful to

clarify concepts, further work could extend the formal framework with respect to the social

vulnerability focus. Analysing and representing more closely the di�erent types of capacity en-

countered in the literature, such as coping capacity, adaptive capacity, capacity of response etc.,

might lead to a description that would also be able to capturemethods applied in assessments

that are based on the present state.

While of minor concern here in Part I of this deliverable, the mathematical side of the frame-

work, also at the basic level (without considering the dynamical systems introduced in Part II)

provides sources for further research. Generalisations tofuzzy representations of harm, impacts

and sensitivity and the resulting fuzzy aggregations into vulnerability, as well as uncertainty

descriptions that relate more closely to subjective approaches to vulnerability seem promising

to work towards a more realistic representation of the \perceived" property vulnerability.

6An interpretation of the concept \risk" in terms of the forma l framework, in Chapter 5 will throw further

light on reasons for this confusion.
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Chapter 5

Risk and Vulnerability

This chapter deals with the relation between the concepts risk and vulnerability, which consti-

tutes one source of confusion in the terminology. The analysis of the concept risk and of this

relation represents an application of the formal frameworkas a tool for concept clari�cation.

In order to clarify how the concept vulnerability is related to the concept risk, one �rst needs to

analyse the latter concept itself. In ordinary language,risk also refers to a possibility of future

harm. The Oxford Dictionary of English, for example, de�nes:

� a situation involving exposure to danger [. . . ]

� the possibility that something unpleasant or unwelcome will happen [. . . ] (Soanes and

Stevenson, 2005).

While the primitives of vulnerability, an uncertain future and a notion of negativity, are found

in the second sentence, the �rst sentence mentions the \present property" aspect by describing

risk as a \situation".

In scienti�c contexts - no surprise here - there are various and quite di�erent de�nitions of

risk. In general, they involve more mathematical terms than de�nitions of vulnerability, which

however, in most cases does not mean that these are mathematical de�nitions. Somehow,

in the context of risk, di�erent de�nitions are rarely (or no t at all) considered problematic.

The concept risk seems to be recognised as being the same concept no matter whether it is

de�ned in terms of \probability" or \expectation" (which ma thematically speaking would make

a di�erence), or \probability and consequence" (which mathematically would not be su�ciently

de�ned), and no matter whether it is said to depend on hazard,exposure and vulnerability, or

hazard and vulnerability only. And all this in spite of the Ba bylonian confusion that the concept

vulnerability, in the latter de�nitions a component of risk , is generously certi�cated.

In this situation, an analysis of theoretical de�nitions do es not seem useful, this step will thus be

71



D-A1.1 Formal Framework of Vulnerability ADAM 05/03/2008

skipped. Also a detailed analysis of usage of the concept risk would go beyond the scope of this

work. Therefore, the analysis presented concentrates on two representative conceptualisations:

the risk triangle by Crichton (1999) and the conceptualisation presented by Blaikieet al. (1994),

sketched in Section 5.1.

Natural hazards and disaster management are chosen as a �eldof reference here because this

�eld is one of the antecedent traditions of vulnerability (A dger, 2006), and similarities exist

not least in the common focus on the social-ecological system. In fact, it shall be seen that the

concept risk related to hazards plays a role that is rather similar to the role of vulnerability in the

climate change context. The fact that the concept vulnerability is used in the former context

as a component of risk of course does not simplify communication between researchers from

the di�erent communities. The di�ering relations between t he concepts risk and vulnerability

in their di�erent appearances shall be discussed on the basis of the re�ned formal framework

of vulnerability from Chapter 4. To this end, the following s ection brie
y introduces the two

conceptualisations. Then, Section 5.2 presents the analysis which is carried out in two steps: �rst

the components of risk from the two conceptualisations are analysed, and then their combination

is considered. Because the risk triangle article by Crichton (1999) is rather brief, we also look

at a case study which operationalises this approach to obtain more detailed information. We

consider the Flood Risk Maps developed by the Institute for Environment and Sustainability at

the Joint Research Centre in Task A2.1 of the ADAM project.

5.1 Two Conceptualisations of Risk

The Risk Triangle This approach is grounded in the insurance industry and extended to

disaster management by Crichton (1999), who proposes the risk triangle as a metaphor taken

from geometry to illustrate that and how risk \depends on thr ee elements, hazard, vulnerability

and exposure". Thinking of \the size of the risk as being the size of the area of the triangle"

speci�es two properties of risk: it increases in all three ofits components, i.e. if one compo-

nent increases while the other two are kept constant, risk increases, and it is nil if any of the

components is nil.1 The components themselves are further described in the context of insured

property as \the frequency and severity of the hazard", \vul nerability [. . . ], that is the extent

to which [the property] will su�er damage or loss" and \exposure of the property to the hazard,

for example its value and location".

1That this metaphor cannot serve as an actual de�nition of ris k in terms the values of the three components

is clear from the fact that not every combination of three len gths produces a triangle. If the sum of two sides

does not exceed the length of the third side, no triangle area can be associated to the three lengths. A further

question would be whether the dimensions of the three components are the same, and how the components are

reduced to lengths.
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While the hazard concept is the same from the perspectives ofan insurer and of a disaster

manager, Crichton (1999) admits that disaster management practitioners may �nd the way in

which insurers consider exposure unfamiliar. For an insurer the maximum exposure to losses

is simply the value of the insured property, and exposure maybe reduced by reducing the

number of insured properties. For a country, the means of reducing exposure are very di�erent,

a possibilty is for example discouraging the development ofhousing and industry in areas where

the hazard is particularly high.

In the insurance industry, the vulnerability of di�erent ty pes of properties is identi�ed from

claims data, and databases of both exposure and vulnerability information exist. Again, reduc-

ing vulnerability in the disaster context involves not only property related measures (such as

building standards) but also other disaster preparedness measures, such as \contingency plans

to help with rapid recovery using local institutions, government resources such as the army, and

stockpiles of emergency food and shelters." Crichton (1999) claims that in spite of the di�erent

nature of the latter two components, the insurance risk triangle is helpful in understanding how

risk can be measured and managed, especially because it illustrates that risk can be reduced by

reducing any of its components.

PAR and access model Two models of disaster are presented by Blaikieet al. (1994): the

pressure and release model (PAR) and the `access model', a framework which describes in some

detail how vulnerability is created from political and economic processes.

Let us here concentrate on the PAR model, which conceptualises disaster as the intersection of

processes creating vulnerability and exposure to hazards as \pressures" while \release" refers to

reducing vulnerability. One component, the \progression of vulnerability" from root causes to

unsafe conditions was depicted in Section 3.2.3. Motivatedby the view \that there is little long-

term value in con�ning attention mainly or exclusively to ha zards in isolation from vulnerability

and its causes", the PAR stresses the fact that (disaster) risk arises from the interaction of

hazard and social conditions. Risk is described as a \compound function of [the] complex (but

knowable) natural hazard and the number of people characterized by their varying degrees of

vulnerability who occupy the space and time of exposure to extreme events."

A diagramme that illustrates the PAR model contains the formula

RISK = Hazard + V ulnerability:

While the text adds that the authors' view of risk can be schematically expressed as a complex

combination of vulnerability and hazard, such that the result of the complex combination is

nil if one of the factors is nil, this property may be overlooked in the formula. Well-known in

everyday usage, the symbol + is at �rst sight associated withaddition, a combination that does

not have this property.
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5.2 Analysis

Similarly to the concept vulnerability, the concept risk, expressing possible future harm (in this

case even possible future disaster) is broken down into components and the result is obtained

by some (complex) combination of results for the components.

5.2.1 Components

The component \hazard" that occurs in both above conceptualisations is further described by

Crichton as structurally similar to the uncertain future de scription in the formal framework:

di�erent levels of severity of the hazard are considered as possible future occurences of it. The

uncertainty structure under which these possibilities areviewed from the present time point is

a special instance of the formal description: a probabilistic view is referred to when Crichton

mentions frequencies as well as probabilities. Similarly,Blaikie et al. (1994) describe the hazard

as having \varying degrees of intensity and severity" and refer to statistical likelihoods of hazards

obtained from long records. These represent a probabilistic view of the uncertain future. We can

thus map the component \hazard" immediately to an uncertain future description containing

values of factorpresence:
s1 factor presencef 1

s s2 factor presencef 2

s3 factor presencef 3

�
� �3

-
Q

QQs

The fact that an aggregation over such a structure in the above context of vulnerability to climate

change would be called \exposure" directly leads us to discussing the di�erent usage of this term

in the insurance context described by Crichton (1999). Here, the component \exposure" �xes

the maximum level of harm for each possible hazard description and thus relates to the harm

function in the formalisation. 2 Together with the natural bound zero as the minimum possible

harm, this use of exposure speci�es the range of possible harm. Something similar, albeit with a

positive notion was encountered in the use of indicators formeasuring capacity by specifying a

range of the possibilities of action in Section 3.1.4. This conceptualisation of exposure deviates

from the use of the term in ordinary language3, where it would rather be referred to as \exposed

property".

2An example of how exactly this interpretation of exposure re lates to the harm function will be seen in the

case study analysis below.
3Note that the circularity in de�nitions observed at the end o f Section 2.1 for \vulnerable" and \exposed"

in the Oxford Dictionary of English (Soanes and Stevenson, 2005) similarly applies to \risk", which is de�ned

in terms of exposure above, whereas the de�nition of \exposed" is also based on the understanding of the word

\risk".
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The second component that the two risk conceptualisations share is vulnerability. Here, the

theoretical de�nitions 4 by Blaikie et al. (1994), reported in Table 1, �t the scheme of referring

to possible future harm. One names capacity, the other one exposure, in the description of an

uncertain future. It was seen in the section on usage of vulnerability (3.2) that Blaikie et al.

(1994) conceptualise vulnerability as social vulnerability, with a strong focus on the present state

and on the social system.

Something that could be called a surprise occurs for the de�nition of vulnerability by Crichton

(1999). As one of very few vulnerability de�nitions found in the literature it does not mention

any uncertainty about the future. Vulnerability de�ned as \ the extent to which [the property]

will su�er damage or loss" (our emphasis) seems to call for the extension \if a hazard occurs".

It recalls the discussion of the concept sensitivity from Section 3.1.3 and can be interpreted

as a sort of \dose-response" relationship between the hazard and the outcome. This explains

the remark by F•ussel and Klein (2006): \This notion of vulne rability corresponds most closely

to `sensitivity' in IPCC terminology and in our conceptual f ramework". Formally, this type of

vulnerability corresponds to a measuring function that measures how and how much the entity is

a�ected by the factor under consideration in an evolution. The fact the both information about

vulnerability and about exposure is gathered in databases suggests that this measuring function

is constructed from information based on time points up to the present. That it is nevertheless

applied to a possible future hazard will be discussed under the point Vulnerability in the case

study considered.

5.2.2 Combination

Having mapped components of risk to elements from the formalframework let us consider their

combinations. The complex combination of hazard and vulnerability into risk in the PAR model

corresponds closely to the combination of external and internal vulnerability into vulnerability

in the formalisation (Diagramme (4.3)). One di�erence occurs in the graphical representation:

while in the formalisation above external vulnerability was an aggregation, here, no further

information was provided about how one deals with the multiple possibilities and probabilities

of occurence of the hazard. Recall that thef i stand for di�erent occurences of factorpresence

4See Footnote 9.
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and include descriptions of hazard severity, intensity etc.

s1 f 1

s s2 f 2

s3 f 3

�
�

���
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@
@

@@Rpp
pp
pp
pp6

9
>>>>>>>>>>>=

>>>>>>>>>>>;

hazard(s)

vulnerability (s)

9
>>>>>>>>>>>>>=

>>>>>>>>>>>>>;

complex combination = risk (s)

When addressing the interaction of hazards and vulnerability in the `access model', Blaikieet al.

(1994) state that the variable characteristics of a hazard (intensity, frequency, duration) will af-

fect the degree of loss in relation to the level of vulnerability. The emphasis on the interaction

of hazard and social system is probably better represented by the very general combination

(Diagramme (4.4)), that allows to take all pieces of information into account in one step. In-

terestingly, instead of calling the combination \risk", in this case Blaikie et al. (1994) use the

term \vulnerability" also for the combination. Here, they r efer to a \quantitative measure of

vulnerability".

s1 f 1

s s2 f 2

s3 f 3

�
�

���

-

@
@

@@Rpp
pp
pp
pp6

vulnerability (s)

9
>>>>>>>>>>>>>=

>>>>>>>>>>>>>;

degree of loss

\quantitative measure of vulnerability"

(risk)

In the case of Crichton (1999), one cannot deduce any more detail on how the components are

combined to produce a result in terms of risk. Therefore, as an illustration let us consider an

operational approach which is based on the risk triangle conceptualisation, the Flood Risk Maps

developed within the ADAM project in Task A2.1.

Case: ADAM A2.1 Flood Risk Maps Based on Genoveseet al. (2007), let us sketch the

approach as far as illustrative to our purposes; the interested reader is referred to the original

document. Task A2.1 produces digital maps of risks from natural extremes at the European

scale identifying monetary/economic losses. We will here concentrate on the risk of inland river
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ood, work carried out by the Institute for Environment and S ustainability of the Joint research

Centre, which represents the �rst part of the cited report.

The approach by Genoveseet al. (2007) is based on the risk triangle by Crichton (1999). Risk

is computed by combining hazard, exposure and vulnerability where

� \Hazard is the threatening natural event, including its pro bability/magnitude of occurence;

� Exposure is the values/humans that are present at the location related to a given event;

� Vulnerability is the lack of resistance to damaging/destructive forces (damage function)".

A territorial approach is followed for the computation of th ese three components of risk referring

to 
oods. Without going into detail, the computation of the c omponents is carried out as follows:

� The Hazard 5 is described by characteristics which make a 
ood event measurable, such

as 
ood depth, discharge and duration. These correspond to the function factorpresence

in the formalisation, which describes the characteristicsof the hazard in possible future

evolutions. Flood hazard maps, in which the territory is divided into di�erent 
ood hazard

classes, are generated from catchment characteristics. A map can be seen as a spatially

explicit description of the factorpresence function. Further, return periods for the 
ood

hazard maps are evaluated from runo� statistics. This corresponds to the probabilistic de-

scription of the uncertain future in the formalisation. The probabilistic description di�ers

slightly from the functorial description given in Chapter 2 , since instead of working with

a probability measure over possible 
ood heights, here a distribution function is speci�ed.

The n-year 
ood refers to a water level that has a probability of 1=n of being exceeded

in any given year. This can be expressed by the distribution function of the probability

measure associated to 
ood heights. A 1=n probability of threshold exceedance means that

with a probability of 1 � 1=n the water level is below the threshold, and the distribution

function cumulates probabilities of water levels up to and including certain thresholds.

Since there is a one-to-one correspondence between probability measures and distribution

functions, the probabilistic description provided here isequivalent to a functorial descrip-

tion.

� Exposure is analysed in a qualitative way via land cover. Classes of exposure are obtained

by overlaying hazard classes with land use classes (from theCorine Land Cover project)

and stored in a database. Further, population exposure is calculated by overlaying 
ood

5For the rest of this section, the three risk components used in the Flood Risk Maps will be spelt with a

capital initial. This is done in the quoted source and is usef ul here in oder to distinguish between the concept

vulnerability that is compared to the concept risk and the co mponent of risk, Vulnerability, which corresponds to

sensitivity in the formalisation.
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hazard maps and a \gridded population density of Europe" dataset. Later, a monetary

value is found for the damages speci�cally caused by 
oods toeach land cover class. How

this relates to the harm function in the formalisation will become clear in the combination

of Exposure and Vulnerability below.

� Vulnerability , \the third component of the risk assessment procedure is usually dedicated

to describing how the exposed people, goods, infrastructures and services aresensitive to

damage from a given extreme phenomenon. It is therefore a function of the event and of

its particular features." (Genovese et al., 2007, our emphasis). Here, the correspondence

between this interpretation of vulnerability and the concept sensitivity in the formalisation

above is obvious. For the 
ood risk computation, depth-damage curves, speci�c for each

country and each land use class, represent Vulnerability. These were provided from results

of another study.6 Each such curve expresses the degree of damage as a function of water

depth, and this degree is represented as a fraction of the full value, it thus lies in the

interval [0; 1]. Taking all these curves together, one obtains a functionof three elements

by de�ning V ulnerability (country; land use; water depth) to be the value that the depth-

damage curve belonging to the respective country and land use class outputs for the given

water depth. So de�ned, Vulnerability is a function of the st ate of the system, depending on

the rudimentary description of the social system provided by the tuple (country; land use)

and the description of the ecological system represented aswater depth. Given the fact

that the description of the ecological system refers to a possible future water depth, and

the interaction of the systems at that point in time would be r elevant, one could expect

the description of the social system to also concern that future point in time. As an

example, 
ood damage of a possible 
ood next year would be underestimated if within

that year valuable property were built in the 
ood plains and were not considered in

the assessment. Here, however, two di�culties arise: �rst, it may be di�cult to know

or even estimate the exposed property (and even more so the depth-damage curve) at

a future point in time. Secondly, and probably more importantly, the future point in

time at which the 
ood event actually occurs is also uncertain! Determining values of

Exposure and Vulnerability from past records up to the present state thus constitutes

another approximation within the \full information pictur e" about possible future harm.

Information from the past and present may simply be the best available information about

Exposure and Vulnerability in the future, and thus a possible future hazard evolution is

combined with this information to produce a possible future damage information. This

idea of an approximation (future Vulnerability and Exposur e are assumed to be the present

ones) explains the discrepancy between the formalisation,where it was explicitly discussed

that future sensitivity is relevant for vulnerability (see Section 3.1.3), and the fact that

6The study by the Joint Research Centre is cited as \not for dis closure". We will thus not analyse further how

far the social system was considered in producing these functions etc.
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databases of information up to the present are employed here.

The combination of the components, the actual topic of interest in this section, occurs in this

work in several steps. First of all, an estimate of the Exposure of European territory and popu-

lation to 
oods was given by the combination of land use classes and 
ood hazard maps, before

the database with land use values and damage functions was made available. These \interme-

diate products deriving from the risk triangle approach" can be compared to the discussion of

exposure in the formalisation (Section 4.4): while not providing the full desired information,

the aggregate value of exposure was seen to be an exclusionary criterion 7 that can provide full

information in the case where sensitivity is constant. Here, the result is still exclusionary, and

further provides also the \opposite" upper bound: \the maxi mum value for Vulnerability is 1,

so that the combination of Hazard and Exposure can be considered as the maximum possible

damage from 
oods, although not yet expressed in monetary terms." Also, it would provide the

full (non-monetary) information if (in this case) vulnerab ility (that however corresponds to the

above sensitivity) is constant.

The more interesting step of combination for us is another one: a \
ood damage database",

representing potential monetary loss occuring for a given water depth, with speci�c damage

functions per land use type and country, corresponds to the \combination of Exposure and

Vulnerability as de�ned in the \risk triangle" appoach." In the formalisation, this corresponds

to the step of creating thesensitivity function. The result of this combination is a function which

to each hazard level associates a monetary damage:sensitivity in monetary terms. The depth-

damage functions expressed in terms of percentages also correspond to a sensitivity function,

however, a non-monetary one. Note that concerning this step, it is explicitly mentioned that the

risk triangle structure was maintained by \attaching" mone tary land values to the land cover

layer representing exposure, and building an information layer containing the \territorial-speci�c

damage fraction (percent of damage as a function of 
ood depth)" representing Vulnerability.

This combination step reveals that the decomposition of theconcept risk is just as arbitrary

as mentioned for vulnerability in Section 3.3.2. The potential monetary loss occuring for a

given water depth, a natural component in the actual computation, does not �t cleanly into

one of the speci�ed components of risk, but partly belongs toboth Exposure and Vulnerability,

and e�orts are made to keep these components separate in a �rst step. If the depth-damage

curves in monetary terms had been associated directly to thecomponent Vulnerability, which

seems a reasonable alternative, the component Exposure would have been super
uous in this

computation of risk. Recall also that Blaikie et al. (1994) propose to combine risk out of Hazard

and Vulnerability without considering Exposure as an extra component.

The �nal combination step involves the 
ood hazard maps and the previously conducted com-

7 In case this value is nil, it allows to conclude that also vuln erability is nil.
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bination of Exposure and Vulnerability and produces maps of
ood related monetary risks, i.e.

possible monetary damage associated with a return period. Since a whole range of water depths

corresponds to one return period, the procedure is too involved to be described here in a few

words. What is of interest here is that modulo a change from probability measures to distribu-

tion functions, this step corresponds to the functor application in the formalisation explained in

Section 2.3: the uncertainty structure is kept as it is, while \inside" it, water levels are trans-

formed into damage levels by the application of theharm function that consists in the above

created sensitivity function in combination with the water levels, i.e. the factorpresence.

Given the damage maps for each return period, a further step is to construct a damage-

probability curve. This is a curve which is approximated by the damage values (recorded or

approximated) for di�erent return periods and by linear int erpolation between these points. The

curve displays the whole uncertain future description in one step whereas before, when talking

about single return periods only scenarios considering up to a certain water level were discussed

at once. When the area under this damage-probability is computed to provide the widely used

quantity Annual Average Damage, this step corresponds to the vulnerability aggregation in the

formalisation. The aggregation function applied here corresponds to probabilistic expectation

(according to a transformation formula from probability th eory which expresses the expected

value in terms of the density or distribution function).

Thus having considered a case that operationalises the \risk triangle" by Crichton (1999), we

have seen that components and their combinations and even the �nal aggregation from the

formal framework can be found. As one can expect also from thefact that the formalistion

described not only the concept but also the actual computations conducted, the approach to

measuring risk seen in this case analysis clearly corresponds to a biophysical approach. The

social system was represented in a very schematic fashion through land use classes (humans

use the land) and monetary values of these (a valuation of di�erent land uses is relevant only

to the human system). Therefore, concerning this approach,we agree with Brooks (2003):

\Biophysical vulnerability [...] has much in common with th e concept of risk as elaborated in

the natural hazards literature." On the same grounds as before, we disagree with the statement

that \Where vulnerability is included in the de�nition of ri sk, it is viewed as distinct from

hazard: it is therefore social vulnerability that is being referred to." A collection of depth-

damage functions as described above does not qualify as an assessment of social vulnerability as

described by e.g. Adger (1999). Also, the fact that in this case study vulnerability is explicitly

de�ned as a function of the hazard plainly contradicts the assertion that vulnerability as a

component of risk is seen as \independent from the hazard", an inclination often encountered

in assessments of social vulnerability.

Rather, the preceding investigation leads to the conclusion that also the concept risk is used in

two di�ering ways, which correspond closely to the di�erent approaches to vulnerability. Thus,
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let us present what this analysis delivers in terms of . . .

5.3 Conclusions

The concepts risk and vulnerability, both describing a possibility of future harm, can be for-

malised along the same lines as aggregate measures of possible future harm.

s1 harm h1

s s2 harm h2

s3 harm h3

�
� �3

-
Q

QQs

9
>>>>>>=

>>>>>>;

aggregation = vulnerability (s) or risk (s)

Both concepts are decomposed into components in scienti�c approaches, and in both cases

this decomposition was shown to involve a certain arbitrariness. However, even some of the

components show similarities as obvious from the fact that components of risk can be mapped

to the formalised components of vulnerability.

The decomposition of risk into hazard and vulnerability (th e PAR model by Blaikie et al.

(1994)) corresponds to the decomposition of vulnerabilityinto an external and an internal side

by Chambers (1989). However, while in the context of risk these two seem to be seen as parts

of one overarching concept, in the context of vulnerability to climate change, often only one

of the two components is treated - with the above reservationthat a complete separation is

not feasible, and the respective other component is considered to a minor degree. As these

components are usually still called simply vulnerability, distinctions of approaches are popular

in the literature. These basically �nd the external component with a focus on the ecological

system and on possible future evolutions as one approach andthe internal component with a

focus on the social system and on the present state as the other approach.

While in the context of risk, the approach with a focus on the ecological system is also present,

as seen in the Flood Risk Maps case study, here a solely socialsystem and present based focus is

not found, at least not under the name \risk". Social approaches here go under the name of the

component they look at, \vulnerability". This explains the overlap in literature referred to in

our analysis of (social) vulnerability: the seminal work by Blaikie et al. (1994), though coming

from the disaster risk community, was used also in the vulnerability context to examine social

vulnerability.

In the approaches (to both risk and vulnerability) that focu s on the ecological system, the

formalisation also describes the assessment to a certain extent. Here, further similarities in the

components are found.
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� The uncertainty description over values of factorpresence is referred to as \hazard" in

the context of risk, while denominated \exposure" in the context of vulnerability.

� The values of the measuring functionharm in possible future evolutions, is in both cases

computed by combining factorpresence with another measuring function which expresses

the degree to which a system is a�ected by the factor. Unfortunately enhancing confusion,

this function is referred to as \vulnerability" in the bioph ysical approach to risk. In the

context of vulnerability, the function is called sensitivi ty.

� The aggregation of values of harm measured in possible future evolutions is (not always but

often) carried out in both cases. Similarly, combinations of the components are applied.

There are no generally accepted rules or axioms for these operations, and on the contrary,

frequently a major emphasis is laid on exceptions.

When considering a biophysical approach to risk, but an integrated approach to vulnerability,

which includes a focus on the social system, a statement like\[v]ulnerability as a research-

organizing concept is thus more complex than risk . . . " (Hochrainer et al., 2007) is warranted.

However, having seen the di�erent approaches to both concepts, such statements may not apply

to all of these. Especially when considering vulnerabilityas a component of risk in the biophysical

approach, the above statement would not make sense. Therefore, care should be used not to

quote such statements out of context, because the explanation which approach to risk and

vulnerability is taken is essential.

The arbitrariness in both denomination and decomposition of concepts will probably not be

resolved in a �eld where sentences such as:

Vulnerability can [. . . ] be explained by a combination of social factors and en-

vironmental risk, where risk are those physical aspects of climate related hazards

exogenous to the social system. (Adger, 1999)

and

In evaluating disaster risk, the social production of vulnerability needs to be consid-

ered with at least the same degree of importance that is devoted to understanding

and adressing natural hazards. (Blaikieet al., 1994)

co-exist. However, the formal approach can help to illustrate that they express the same basic

ideas:
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Adger (1999):

s1 physical aspects f 1

s s2 of climate f 2

s3 related hazards f 3
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environmental risk (s)

social factors (s)
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vulnerability (s)

Blaikie et al. (1994):

s1 f 1

s s2 f 2

s3 f 3
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natural hazards (s)

social production ofvulnerability (s)
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disaster risk (s)
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Chapter 6

Formal Framework of Vulnerability -

a Computational Version

In this chapter we will present the formal framework from a computational point of view. Our

intention is to give a short but meaningful sketch of the formal model of vulnerability and related

concepts developed, we therefore leave out examples and discussions here. We come up with

precise mathematical de�nitions of vulnerability for di�e rent situations, which are supposed to

serve as executable speci�cations for the implementation of software components. That means

that the formulas we give here can be (almost) directly implemented in a functional programming

language like Haskell (see Hutton (2007) for an introduction to Haskell).

This chapter consists of two parts: �rst we give the mathematical notation used through the

rest of the chapter. Thereafter the formal framework is presented.

6.1 Mathematical preliminaries and notation

In this section we introduce the mathematical concepts and notation we use. We assume that

some of the basic concepts, such as set, function and relation, are known to the reader and

that we just have to give the notations for them here. For someother mathematical terms, for

example the concepts from category theory (like category, functor, natural transformation and

monad), we will provide also the de�nitions here. We do not want to give further explanations

and examples here, the interested reader is referred to the literature, especially Bird and de Moor

(1997).

1. Sets: A set will be denoted by a capital letter, membership will be denoted as usual by2.

The notation x 2 X means \x is an element of the (arbitrary) set X ".
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2. Category: A category is a pair C = ( Obj(C); Arr (C)) where the elements ofObj(C) are

called objects and the elements ofArr (C) are called arrows or morphisms. Each morphism

is associated with two objects which are calledsource and target. We write f : A �! B ,

and say "f is a morphism from A to B". We write Hom(A, B) for the s et of all morphisms

from A to B. In a category, the following axioms have to hold:

(a) For every two morphisms f : A �! B and g : B �! C there has to exist a morphism

g � f : A �! C.

(b) This composition operation has to be associative: iff : A �! B , g : B �! C and

h : C �! D then (h � g) � f = h � (g � f ).

(c) For every object X 2 Obj(C) there exists a morphism Id X : X �! X called

the identity morphism for X , such that for every morphism f : A �! B , we have

Id B � f = f = f � Id A .

3. Functions: As functions are a special case of arrows in a category, the notation will be

similar. Any function will be denoted by a name beginning with a small letter. The

signature of a function f : X �! Y meansf is a function from X to Y . In the special

case of a function we callX the domain and Y the codomain of f . Function application

is denoted by f (x).

4. Relation: As relations are also a special case of arrows in a category, the notation will

also be similar. To distinguish relations from functions, they will be denoted by a name

beginning with a capital letter. The signature of a relation R : X �! Y means f is a

relation with source X and target Y .

5. Functor: Let C and D be categories. A functorF from C to D, denoted asF : C �! D,

is a mapping that associates to each objectX 2 Obj(C) an object FX 2 Obj(D) and to

each morphismf : X �! Y 2 Arr (C) a morphism F (f ) : F (X ) �! F (Y ) 2 Arr (D)

(which we will also denote asfmap F f ) such that the following two conditions hold:

(a) F (Id X ) = Id F (X ) for every object X 2 Obj(C), this is, functors must preserve

identities.

(b) F (g � f ) = F (g) � F (f ) for all morphisms f : X �! Y 2 Arr (C) and g : Y �! Z 2

Arr (C), that is, functors must preserve composition.

A functor from a category to itself is called an endofunctor. The identity is a functor on

every category, denoted byId C. Furthermore, the composition of two functors F : C �! D

and G : D �! E is a functor itself, denoted by G � F .

6. Natural transformation: If F : C �! D and G : C �! D are functors, then a natural

transformation � from F to G, denoted by � : F �! G associates to every objectX 2 C

a morphism � X : F (X ) �! G(X ), such that the following condition holds:
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(a) for every morphism f : X �! Y 2 Arr (C) we have � Y � F (f ) = G(f ) � � X . This

equation can conveniently be expressed by the following commutative diagram:

F (X ) F (Y )

G(X ) G(Y )

-F (f )

?

� X

?

� Y

-
G(f )

The identity is a natural transformation on every functor F , denoted byId F . Furthermore,

the composition of two natural transformations � : F �! G and � : G �! H is a natural

transformation itself, denoted by � � � .

7. Monad: A monad on a categoryC is a triple (M; �; � ) where M is a endofunctor on C,

� : Id C �! M and � : M � M �! M which are two natural transformations ful�lling the

following conditions:

(a) � � M� = � � �M

(b) � � M� = � � �M = Id M

These conditions can also be expressed by commutative diagrams:

M 3 M 2

M 2 M

-�M

?

M�

?

�

-
�

M M 2

M 2 M

-�M

?

M�
@

@
@@R

Id

?

�

-
�

In functional programming, a di�erent de�nition of a monad i s used: A monad on a

category C is a triple (M; return; B) where M is a mapping on C, with two operations

return : X �! MX and B : MX �! (X �! MY ) �! MY which have to ful�ll the

following conditions:

(a) ( return x ) B f = f (x)

(b) mx B return = mx

(c) (mx B f ) B g = mx B h

where h x = ( f x ) B g

The operator B is called the monadic bind operator. Both de�nitions are in fact equivalent:

if one has (M; �; � ) as in the �rst version, one can de�ne:

return = �

mx B f = � ((Mf )mx)
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and the resulting return and B satisfy the three requirements from the second version.

On the other side, return and B can also be used to de�ne appropriate function mapping

(which is not given in the second version, asM is just assumed to be a mapping on a

category, but not to be a functor), � and � , which verify the axioms, by

Mf = ( B(return � f ))

� = return

� = ( B id)

There exists yet a third, equivalent, de�nition of a monad: A monad on a categoryC is a

triple ( M; unit; � ) where M is a mapping onC with two operations unit : X �! MX and

� : (Y �! MZ ) �! (X �! MY ) �! (X �! MZ ) which have to ful�ll the following

conditions:

unit � f = f

f � unit = f

(f � g) � h = f � (g � h)

The operator � is called Kleisli composition, and the categorial construction which has

inspired this de�nition is called the Kleisli construction . We can obtain the elements of

the functional programming de�nition in terms of the Kleisl i one by

return = unit

(Bf ) = f � id

and the other way around by

unit = return

g � f = ( Bg) � f

8. Products: Let X 1 and X 2 be two objects of a categoryC. Their product (if it exists)

consists of an objectX 1 � X 2 2 Obj(C) and two arrows outlef t : X 1 � X 2 �! X 1 and

outright : X 1 � X 2 �! X 2 such that for every Y 2 Obj(C) and every pair of arrows

f : Y �! X 1 and g : Y �! X 2 there exists a unique arrowhf; g i : Y �! X 1 � X 2 such

that outlef t � hf; g i = f and outright � hf; g i = g. Diagrammatically:

Y

X 1 X 1 � X 2 X 2

��������

f
H H H H H HHj

g

?
hf;g i

�
outlef t

-
outright
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9. Monoid: A monoid is a triple ( M; � ; e) where M is a set with e 2 M being an element

from this set, and � : M � M �! M being a binary operation, satisfying the following

axioms:

(a) for all a; b; c2 M : (a � b) � c = a � (b� c) (associativity)

(b) for all a 2 M : a � e = e � a = a (identity element)

One example of a monoid is (Hom(X; MX ); � ; unit ) for a monad M .

10. List: The notation [X ] stands for the set of all lists of elements of typeX . This set is

de�ned recursively by

(a) empty 2 [X ]

(b) x 2 X ^ xs 2 [X ] �! x : xs 2 [X ]

We use the abbreviation [x1; : : : ; xn ] for x1 : (x2 : : : : : (xn : empty) : : :), and we further-

more have the following operations for lists:

(a) head : [X ] �! X

(b) tail : [X ] �! [X ]

(c) concat : [X ] � [X ] �! [X ]

It should be noted that list is a functor, denoted by L , where for f : X �! Y we have

L f : [X ] �! [Y ]

L f (empty) = empty

L f (x : xs) = f (x) : L f (xs)

Furthermore, L is a monad by

return (x) = [ x] = x : empty

empty B f = empty

x : xs B f = concat(f (x); (xs) B f )

6.2 A mathematical model of vulnerability

6.2.1 The evolution of an entity

The basic element of the formal framework is that of an entity under consideration and its

evolution. This is in general modelled as a function

possible : S �! F E
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where S is the set of the possible states,E the set of the evolutions andF a functor, which

describes the structure of the evolution (e.g. F = P for a nondeterministic evolution and

F = Prob for a stochastic evolution). The nature of possible is not further speci�ed and in

vulnerability assessments di�erent implementations are used: The future evolution of an entity

can be obtained by a computational model of a dynamical system, by a statistical approach or

by a scenario given by experts.

For the operationalization of the formalism we will restrict ourselves to entities whose uncertain

future evolutions can be modelled by a dynamical systems. Wede�ne a dynamical system as a

monoid morphism (a detailed explanation of this is given in the next chapter):

sys : T �! (X �! F X )

where T is a monoid driving the system, (X �! F X ) denotes the set of all functions of type

f : X �! F X and F is again a functor. This functor is responsible for the nature of the

system, it describes if the system is e.g. deterministic (F = Id ), nondeterministic (F = P) or

stochastic (F = Prob). A possible evolution of such a system, a trajectory, is given by a function

tr : T �! X

describing how the internal state evolves in dependence of the driving monoid T. However, for

our purposes we simplify the notion of a trajectory by only taking into account evolutions which

are observed in discrete steps (even if they might be continuous), that is functions

tr : [T ] �! [X ]

which evolve the state of the system only at some given points. That implies that we can specify

the set of evolutions as

E = f [T ] �! [X ]g

and the whole set of possible evolutions for a system in a given state can be described as a

function

evo : ([T ] � X ) �! F E

or, if we consider a more explicit version, in which the system itself is given as parameter to the

function:

system evolutions : (T �! (X �! FX )) � [T ] � X �! F E

This is the basic model of an entity under consideration. We assume that we have modeled

this entity by a dynamical system and that we furthermore have a possibility to compute the

evolutions of this system given a statex 2 X and a list of evolution horizons ts 2 [T].

In the next chapter we consider a class of dynamical systems which represents the \minimal

generality" necessary to represent most of the models used in practice and which is closed with

respect to the typical ways in which these models are combined. The class of dynamical systems

we settle on is that of \monadic systems".
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6.2.2 Harm and vulnerability

Having a model for an entity, we can model harm as a function mapping evolutions into an

ordered set:

harm : E �! V

This function quanti�es the harm which has occurred along a given trajectory and expresses

that harm as an element of a setV which is assumed to be ordered. Having a structure on the

set of the evolutions as it is given by thesystem evolutions function above we can apply the

functor to map the harm function to this structure:

F harm : F E �! F V

This function computes the harm for every possible evolution of the dynamical system modeling

the entity. It maintains the structure on the evolutions whi ch is given by the type of the system

(e.g. a stochastic system will produce a probability distribution on the possible evolutions and

F harm will then compute a probability distribution on the set V which represents the values

of harm).

However, this is not the �nal output of a vulnerability compu tation we imagine. What we would

like to have is a measure operating on this structured set of function values, collapsing it into

one single element (possibly of an other set). This is in the formal framework expressed as a

function

measure : F V �! W

representing a measure over measures whereW is assumed to be at least an ordered set. To

realise the intended meaning, the function has to ful�ll the following monotonicity constraint:

measure xs � measure (F inc xs )

for all non-decreasing functionsinc : V �! V (see Ionescu, 2008, for details).

Now the evolution of the system, theharm function and the measure function can be assembled

to compute the vulnerability of a given system:

vulnerability : (T �! (X �! FX )) � [T ] � X �! W

vulnerability = measure � F harm � system evolutions

or as a version where theharm , the measure and the system evolutions function are input

parameters themselves:

vulnerability : (F V �! W ) � (E �! V )

� ((T �! (X �! FX )) � [T ] � X �! F E )

� (T �! (X �! FX )) � [T ] � X �! W

vulnerability (m; h; ev; sys; ts; x) = m � F h � ev(sys; ts; x)
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Thus, the �rst and most general version of vulnerability computation operates on a six-tuple of

inputs, consisting of the measure, the harm and the system evolutions functions, the system

under consideration, a list of driversts and an initial state of the system x. We can also describe

the actual computation, which starts by applying the evolut ion function ev to the triple ( sys; t; x)

to compute the possible evolutions of the system, followed by using F h to access the harm that

occurred on every trajectory and �nally collapse them by applying m.

In the development of the formal framework in Ionescu (2008)it was noted that the simple

version of a vulnerability computation given here does not take into account all aspects of

vulnerability de�nitions and assessments. For example, the IPCC de�nition of vulnerability

IPCC (2007) states that \Vulnerability is a function of the c haracter, magnitude and rate of

climate variation to which a system is exposed, its sensitivity, and its adaptive capacity." In

the vulnerability computation above, vulnerability is exp ressed as a function of the character,

magnitude and rate of climate variation to which a system is exposed is expressed by the fact

that the vulnerability computation gets as input a system and considers the possible evolutions.

To express vulnerability as a function of the systems sensitivity and its adaptive capacity we

will introduce new possible computations of vulnerability in the next sections.

6.2.3 Sensitivity, impacts and vulnerability

The harm function in the computation given in the last section does not take into account that

the harm which occurred along the trajectories may not be caused by the stressor we consider.

Therefore this harm function is split up into two parts, one measuring the in
uen ce of the

stressor to the evolution of the system

sensitivity : E �! V1

and a second one measuring the impacts which occurred along agiven trajectory:

impacts : E �! V2

Both functions are in general not assumed to measure in values of the same set, this is made ex-

plicit by the di�erent codomains of sensitivity and impacts. The actual harm along a trajectory

is now a combination of these two functions, formally expressed by

harm : E �! V

harm = combine� himpacts; sensitivity i

where himpacts; sensitivity i : E �! (V1 � V2) is the pairing of the functions impacts and

sensitivity and combine : (V1 � V2) �! V is an arbitrary function. With these de�nitions we

can give a specialised instance of a vulnerability computation including sensitivity and impacts
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explicitly:

vuln sens : (T �! (X �! FX )) � [T ] � X �! W

vuln sens = measure � F (combine� himpacts; sensitivity i ) � system evolutions

or again as a version where thecombine, the impacts, the sensitivity , the measure and the

system evolution function are input parameters themselves:

vuln sens : (FV �! W ) � (E �! V1) � (E �! V2)

� ((V1 � V2) �! V )

� ((T �! (X �! FX )) � [T ] � X �! F E )

� (T �! (X �! FX )) � [T ] � X �! W

vuln sens(m; sens; imp; cb; ev; sys; ts; x) = m � F (cb� himp; sensi ) � ev(sys; ts; x)

This vulnerability computation operates on an eight-tuple of inputs, consisting of the measure,

the sensitivity , the impacts, the combine and the evolution function, the system under consid-

eration, a list of drivers ts and an initial state of the system x, and it can again be described

explicitly. It starts by applying the evolution function ev to the triple ( sys; t; x) to compute the

possible evolutions of the system, followed by usingF (cb� himp; sensi ) to access the harm that

occurred on every trajectory, expressed as a combination ofimpacts and sensitivity, and �nally

collapse them by applyingm.

We mention here explicitly that this specialisation of computing vulnerability is equivalent to

the previous one, the only di�erence is the di�erent expression of the harm function. In fact we

can computevuln sens by applying vulnerability

vuln sens(m; sens; imp; cb; ev; sys; ts; x) = vulnerability (m; (cb� himp; sensi ); ev; sys; ts; x)

and, maybe more surprisingly, we can also computevulnerability by applying vuln sens

vulnerability (m; h; ev; sys; ts; x) = vuln sens(m; h; h; outlef t; ev; sys; ts; x )

The �rst version of the computation ( vulnerability ) can be said to have implicit sensitivity and

impacts functions, hidden in the harm function, whereas the second version (vuln sens) have

this functions given in an explicit form.

6.2.4 Adaptive capacity and vulnerability

The third determinant of vulnerability mentioned in the IPC C de�nition is the adaptive capac-

ity. As the harm function given in the �rst version of vulnerability computa tion did not take

into account that the harm might not exclusively be caused bythe factors of interest and there-

fore was replaced by a new version including this in the form of the sensitivity function, the
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system evolutions function given before does not consider the possibility of the entity (modeled

as a dynamical system) to in
uence its own evolution by undertaking some kind of actions.

Otherwise there are standard evolutions of the system if theentity does not perform any speci�c

actions.

In the formal framework this is expressed by introducing two functions, one for computing the

standard evolutions of the entity

standard : X �! F E

and a second function giving the possible actions in a certain state

doable: X �! G A

where, as usual,X denotes the set of states andE the set of evolutions, whereas the newly

introduced A denotes the set of actions.G stands for a functor, which means that the function

doablein general does not only give the possible actions for a certain state but also a structure

on them.

As we gave a more speci�c version of the system evolution above (by replacing the possible

function with the system evolutions function) we can also do so with thestandard function

above, replacing it by

standard system evolutions : (T �! (X �! FX )) � [T ] � X �! F E

standard system evolutions = system evolutions

The standard evolutions of the system are just the ones computed by the system evolutions

function given above.

Assuming we have adoablefunction like the one presented above, we can calculate the evolution

of the doable actions along a trajectory of the system:

doabletrajectory : E �! ([T ] �! [GA])

doabletrajectory e = ( fmap L doable) � e

where fmap L doable denotes the application of the list functor to the doable function. To

simplify things we denote by

B = f [T ] �! [GA]g

the set of possible action-evolutions, and we can compute the complete evolution of the doable

actions by

action evolutions : (T �! (X �! FX )) � [T ] � X � (X �! B ) �! FB

action evolutions(sys; x; ts; doa) = F (fmap L doable) � standard system evolutions(sys; x; ts)
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which gives us the possibility to compute all possible evolutions of the entities actions. But this

does not provide us a computation of all possible evolutionsof the entity, we therefore assume

that there is a operation

� : F E � FB �! F E

which computes how given evolutions are transformed by the given evolutions of actions of the

entity. With this operation we can give the possible evolutions of the system by

possible system evolutions : (X �! B ) � ( F E � F B �! F E )

� [T ] � X �! F E

possible system evolutions(do;� ; sys; ts; x) = standard system evolutions(sys; ts; x)

� action evolutions(sys; ts; x; do)

The computation of vulnerability stays unchanged, we still have that vulnerability is a measure

of the harm measured along the possible evolutions of the entity, however, we can give a more

speci�c version by now which mentions explicitly that the entity has a capacity to act

vuln act : (E �! V ) � (F V �! W )

� (X �! B ) � ( F E � F B �! F E ) � [T ] � X �! W

vuln act (m; h; do; � ; sys; ts; x) = m � Fh � (possible system evolutions(do;� ; sys; ts; x))

The idea of expressing vulnerability in terms of adaptive capacity is that we split up the computa-

tion possible system evolutions into the standard system evolutions and the action evolutions,

combined via � , and thereafter distribute m � Fh over � :

vuln act (m; h; std; act; do; � ; sys; ts; x) = m � Fh � (possible system evolutions(do;� ; sys; ts; x))

= m � Fh � (std(sys; ts; x)

� act(sys; ts; x; do))

= ( m0 � Fh0 � std(sys; ts; x))


 (m00 � Fh00 � act(sys; ts; x; do))

Here h0 : B �! V is a function measuring the \standard vulnerability" along a trajectory,

h00: B �! V3 is a function measuring the \adaptive e�ect" along an "actio n trajectory",

m0 : F V �! W1 is a function estimating the total \standard vulnerability " of an evolution of

the entity, m00: F V3 �! W2 is a function estimating the total adaptive capacity of an evolution

of possible actions and
 : W1 � W2 �! W is an operation combining the measured harm with

the adaptive capacity. If we label the left side of this 
 operation macro vulnerability and the

right side adaptive capacity we can write:

vuln act (do;� ; m; h; sys; ts; x ) = macro vulnerability (m0; h0; sys; ts; x))


 adaptive capacity(m00; h00; sys; ts; x; do)
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This leads to another instance of a vulnerability computation which is specialised for the sit-

uation where we get the functions necessary for the computations of macro vulnerability and

adaptive capacity as inputs:

vuln AC (do;
 ; m0; m00; h0; h00; std; act; sys; ts; x)

= ( m0 � Fh0 � std(sys; ts; x))


 (m00 � Fh00 � act(sys; ts; x; do))

In fact, this computation can once again be expressed in terms of the most generalvulnerability

computation:

vuln AC (do;
 ; m0; m00; h0; h00; std; act; sys; ts; x) = vulnerability (m; h; ev; sys; ts; x)

where (m0� Fh0 � std) 
 (m00� Fh00� act)

= m � Fh � (std(sys; ts; x) � act(sys; ts; x; do))

and ev(sys; ts; x)

= ( std(sys; ts; x) � act(sys; ts; x; do))

and the other way around by

vulnerability (m; h; ev; sys; ts; x) = vuln AC (do;
 ; m; m; h; h; std; std; sys; ts; x )

where y 
 z = y and do can be chosen arbitrary

These equations substantiate thatvulAC is only a reformulation of the general vulnerability

function, specialised for the situation that we can specifythe evolution of the entity taking into

account possible action the entity can undertake.

It is straightforward that we can can combine the computationsvuln sens and vuln AC to vuln sens;AC ,

applicable in situations where we have the harm function as aversion with explicit impacts and

sensitivity, and the evolution function as a version taking into account the possible actions of

the entity. As vuln sens and vuln AC are equivalent to the most general versionvulnerability it

is clear that vuln sens;AC is also equivalent.

6.3 Conclusion

In this chapter we presented an operational interpretation of the formal framework of vulnera-

bility. We took the formalisation developed over the last years (and presented in the �rst part of

this report) as a starting point and specialised the model given there by specifying thepossible

function to be given by a function which computes a discrete observation of the evolution of a
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dynamical system. With this assumption we were able to give very speci�c de�nitions of vul-

nerability. Even if we came up with a bundle of functions computing vulnerability, all functions

do exactly the same, they just vary in the inputs they consume. Therefore, we can provide

vulnerability computations for di�erent situations: if on e has only a general system evolution

function and a harm function in his hands, one can use the �rst function (vulnerability ) we

gave. If instead of the harm function functions determining impacts and sensitivity and a way

to combine them are given, the second version (vulsens) can be used. The third version (vulAC )

is given for the case that only a general harm function is available but the evolution of the

system can be described by a set of standard evolutions and the capacity of the entity to in
u-

ence this evolutions. Finally, a last version (vulsens;AC ) is given for the case that the evolution

of the entity as well as the harm function are not given in a general way but rather as their

components (namely standard evolutions and actions in the �rst case and impacts, sensitivity

and combination in the latter case.)
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Chapter 7

Monadic Systems

In the last chapter we presented an operationalisation of the formal framework of vulnerability.

One of the basic building blocks of the computations was the notion of a dynamical system.

In this chapter we show that there is at least one way to de�ne a dynamical system which

is suitable for application in a computational version of the formal framework. Therefore we

introduce monadic systems, a specialisation of the notion of dynamical system developed in our

working group, presented in detail in Ionescu (2008). We start here with classical de�nitions

of a dynamical systems in mathematics and computer science.We make clear why we are not

satis�ed with these classical de�nitions and present a new one, called monadic system, which

overcomes the weaknesses of the previous ones. We show then how to use such monadic systems

in vulnerability computations.

7.1 Classical De�nitions of Dynamical Systems

In this section we give a short introduction into the theory of monadic systems. The usual way

of de�ning a system in the �eld of Engineering is in terms of the actions of a monoid on a set.

A standard example is o�ered by Denker (Denker, 2005, p. 4, our translation):

De�nition 1 (Denker). Let T be a semigroup with unit element e and X a non-empty

set. The tuple (X; T ) is called a dynamical system if there exists an associativemap

X � T �! X

(x; t ) �! tx

for which the unit e acts as identity, that is, when the following two conditions hold:

(t1x; t 2) �! t2(t1x) = ( t2t1)x and ex = x
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The set T is usually interpreted as time, typical values for it are N for discrete dynamical

systems, andR, for continuous ones. The setX is called the state space, an elementx 2 X

is called a state of the system. Di�erent types of system are distinguished by the existence of

certain structures on X . Thus, in order to de�ne linear systems, X must be a vector space,

for stochastic systems we must have a probability space onX , for non-deterministic systemsX

must be a powerset, and so on.

However, this structure on the state space is not su�cient to determine the type of the sys-

tem. For example, the powerset structure on X does not guarantee that the system is a non-

deterministic one. Consider, for instance, the following function:

PX � T �! P X

(xs; t ) = xs

Intuitively, we would view this as a deterministic system, whose states happen to be represented

by subsets ofX . A non-deterministic system should give us, for a given state, a set of possible

next states, that is, it should have the type signature:

nondet : X � T �! P X

In the past decade, examples of this kind have led (mainly in Computer Science) to a di�erent

de�nition of dynamical systems as coalgebras (see Rutten, 2000), that is, arrows of the form

X �! FX for some functor F :

De�nition 2 (Rutten, Jacobs). Let C be a category andF : C �! C be an endo-functor.

A (general) dynamical system is a co-algebra ofF , i. e. a function of type f : X �! FX for

some setX .

In this framework, di�erent types of systems are distinguished by the di�erent functors F and

the underlying category. For example, forF = Id we obtain a deterministic system, forF = P

a non-deterministic system, and for F = Prob a stochastic one. This de�nition of a system

seems to better describe the cases we encounter in practice.For example, in this framework, a

stochastic system is described by a conditional probability distribution, which is indeed always

the case when one is talking about \stochastic systems". Of course, the iteration of such a

system requires the de�nition of a way of \applying" a functi on de�ned on X to a probability

distribution over X , but this is just what the conditional probability formula g ives us. We would

not refer to a function

g : P rob X �! P rob X
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as a stochastic system if it could not be described as the application of a conditional probability.

The co-algebraic point of view seems very well suited for discrete systems. The iterations of

such systems are expressed in terms of morphisms to the �nal co-algebra, resulting in potentially

in�nite lists of succesive states (see Rutten, 2000). It is,however, not immediately obvious how

to describe continuous-time dynamical systems in this framework.

7.2 Monadic Systems

The solution we adopt here is to generalise the standard de�nition of a dynamical system to take

into account the co-algebraic point of view. In order to do this, we �rst note that the standard

de�nition is equivalent to the somewhat simpler following form:

De�nition 3 (equivalent to 1). Let (T;+ ; 0) be a monoid and X an arbitrary set. A

dynamical system is a morphism from (T;+ ; 0) to (( X �! X ); � ; id), i.e. a function

� : T �! (X �! X )

such that

� 0 = id

� (t1 + t2) = � t 1 � � t 2

If we take the co-algebraic perspective, the de�nition above is one of a deterministic dynamical

system, being a coalgebra of the functorId . For other functors, such asProb or P, the discrete

system would take the form � : T �! (X �! FX ) and the axioms would be expressed using

a di�erent operator instead of composition, but the structu re would in principle remain \the

same". It is this similarity which is captured, and in a certa in sense justi�es, the de�nition

which we adopt for \dynamical system":

De�nition 4 (Dynamical System). Let (T;+ ; 0) be a monoid,C a category, F : C �! C an

endo-functor, X an object of C and (Hom(X; FX ); � ; unit ) a monoid. A dynamical system is a

monoid morphism

� : T �! Hom(X; FX )

A point of terminology arises from the fact that, for F 6= Id , it is not clear what the state space

should be: X , or FX ? In particular, when looking at stochastic systems represented by Markov

chains, one �nds the term \state" used sometimes to denote the elements ofX , sometimes the

probability distributions over these elements. In order to avoid this confusion, we chose to call

the elements ofX micro states and the elements ofFX macro states.

As in De�nition 4 it is not clear how to implement such a dynami cal system and how to realise
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the operations which are necessary in order to conduct vulnerability modelling with it, we shall

from now on only consider the case whereF is a monad overSET, with � and unit being de�ned

as in Kleisli composition. In that case we have a machinery inour hands which allows us to

implement such a dynamical system.

De�nition 5 (Monadic System). Let (T;+ ; 0) be a monoid, C a category, F : C �! C

a monad on this category, X an object of C. Then (X �! FX; � ; unit ) is a monoid and a

dynamical system is a monoid morphism

� : T �! (X �! FX )

For this kind of systems we can de�ne and implement all the operations nessecary to apply it

in the formal framework of vulnerability de�ned before. In p rinciple we have to provide the

following three operations:

1. sys : T � X �! FX

2. mtr : [T ] � X �! F [X ]

3. trj : [T ] � X �! [FX ]

For the �rst operation, which realises the application of th e system, we get the following easy

implementation:

sys(t; x ) = ( � (t)(x))

The operation trj computes the trajectory of the macro states which a system ina given state

is going through for a given list of drivers. Using thesys operation de�ned above and the fact

that we require F to be a monad, we can implement this operation recursively:

trj (sys; x; []) = [ return x ]

trj (sys; x; t : ts) = ( fx B f ) : fxs

where

fxs = trj (ts; x )

fx = head(fxs )

f : X �! FX

f (y) = sys(t; y)

The last operation, mtr , can also be computed recursively, taking once again into account the
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monad properties ofF :

mtr (sys; x; []) = return ([x])

mtr (sys; x; t : ts) = xs B f

where

xs = mtr (x; ts )

f : [X ] �! F [X ]

f (ys) = g(sys(t; head(ys)) ; ys)

where

g : FX � [X ] �! F [X ]

g(xf; xs ) = fmap F (: xs)(xf )

This is the most important operation for our purposes. It computes all possible trajectories a

system can take if it starts in state x and gets a list of drivers ts. In fact, it can act as the

system evolutions function in the previous chapter. Therefore monadic systems are one (maybe

of many possible) implementation which is suitable for modelling the evolution of an entity in

the vulnerability computations given in the previous chapter.

7.3 Monadic Systems in Vulnerability Computations

In this chapter, we use monadic dynamical systems to specialize some of the components of the

formal framework presented in the previous chapter. In particular the function possible which

was assumed to generate the future evolutions of the world isnow expressed by the trajectory

computations given before.

So let sys : T �! X �! FX be a monadic dynamical system,harm : [X ] �! V a function

measuring the harm which occured along a trajectory (represented by a list of states) and

measure : FV �! W a measure collapsing the harm connected with the single evolution paths

into one number. Then we can compute vulnerability as follows:

vulnerability : (T �! (X �! FX )) � [T ] � X �! W

vulnerability (sys; ts; x) = measure(fmapharm (mtr (sys; x; ts)))

That is, vulnerability is the measure function applied to th e structure obtained by computing

the micro trajectories of the system (all possible evolution pathways) and then computing the

harm along every one of these micro trajectories. A more detailed explanation how monadic

systems can be used in vulnerability assesments is described in the associated thesis Ionescu

(2008).
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7.4 The LPJ Model as a Monadic System

LPJ (named after the three cities where it was developed: Lund-Potsdam-Jena) is the name

of a global dynamic vegetation model S. Sitch and B. Smith andI.C. Prentice and A. Arneth

and A. Bondeau and W. Cramer and J. Kaplan and S. Levis and W. Lucht and M. Sykes and

K. Thonicke and S. Venevsky (2003). It was developed to simulate the CO2 exchange between

the atmosphere and the biosphere on a global level. It is based on a grid and computes the

distribution of di�erent plant functional types (pft), rep resented by an average individual of

this type, in every gridcell and the resulting in
uence of th e CO2 cycle. Therefore the model

gets as inputs the globalCO2 in the atmosphere and the local climate data (for each gridcell:

precipitatipn; temperature; cloudiness; wetdays ). With this data, the growth of di�erent pfts is

calculated, taking into acount their requirements concerning light, temperature and humidity.

As the LPJ model can be used to compute the impacts of climate change to vegetation zones and

ecosystems, it can also be used for vulnerability assessments. In fact, it is used to conduct the

ATEAM (Advanced Terrestrial Ecosystem Analysis and Modell ing) study Metzger and Schr•oter

(2006), an assessment of the vulnerability of various regions of Europe \to the loss of particular

ecosystem services, associated with the combined e�ects ofclimate change, land use change, and

atmospheric pollution".

7.4.1 Spatial and temporal organization

LPJ is spatially organized in the form of a rectangular grid. This grid is not hard coded in the

programme, it can be adjusted by the user. However, LPJ comeswith a standard grid which

has a resolution of 0:5� � 0:5� and the user is recommended to use this one. All gridcells are

computed independently, so that no data are exchanged between di�erent cells. This simpli�es

the parallel execution of LPJ and moreover o�ers the possibility to compute only a choosen

region of the world. An extreme example would be the simulation of only one gridcell. We

consider the grid to be �xed to the standard grid and not as a part of the input.

LPJ is processbased, which means that processes like plant growthing and photosynthesis are

simulated. Therefore LPJ computes the process equations ona daily base so that variables are

updated for every day. But some variables are updated only atthe end of a year, so that LPJ

has two internal timescales: A short timescale � tshort = 1 day and a long timescale � t long = 365

days.

7.4.2 Internal state

The LPJ model has an internal state, which can be described interms of a minimal set of

variables, as desribed in Gehne (2007). All other variableswhich are used within the model can
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be calculated from these variables (and the input data). It is a minimal set because none of the

following can be computed out of others. The variables are:

� the individual leafmass lmi pf t , computed for every pft on an annual base and given in
gC

# individuals

� the individual rootmass rmi pf t , computed for every pft on an annual base and given in
gC

# individuals

� the individual sapwoodmasssmi pf t , computed for every pft on an annual base and given

in gC
# individuals

� the individual heartwoodmasshmi pf t , computed for every pft on an annual base and given

in gC
# individuals

� the density of individuals ind pf t , computed for every pft on an annual base and given in
# individuals

m2

� the litter above ground litagk pf t , computed for every pft on an annual base and given in
gC
m2

� the litter below ground litbgkpf t , computed for every pft on an annual base and given in
gC
m2

� the water content in the upper soil layer W 1, computed on a daily base given as a ratio

� the water content in the lower soil layer W 2, computed on a daily base given as a ratio

� the water content in the evaporation layer W evap, computed on a daily base given as a

ratio

These variables are locally resolved, which means that theyare computed for every gridcell. We

will call the set of all possible tuples (lmi pf t ; : : : ; W evap) the set of internal states of a gridcell

and denote it by SLP J . The actual states are denoted bysLP J 2 SLP J , furthermore we write

sLP J
k = ( lmi pf t;k ; : : : ; W evapk ) to denote the internal state of a gridcell k.

7.4.3 Input and output

Running LPJ needs two kinds of input data:

1. the CO2 concentration: given at a global scale for every year of the simulation as a 
oating

point value given in ppm.

2. climate data, here we have four di�erent inputs:
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(a) temperature (given in degree Celcius)

(b) precipitation (given in mm)

(c) cloudiness (given in percent)

(d) wetdays (given as absolute number per month)

These data are given locally on a monthly timescale. For every gridcell and every year

of simulation a list of twelve values is given. Internally LPJ scales these data down on a

daily value.

The set of possible quintuples of input data (CO2; temperature; precipitation; cloudiness; wetdays )

will be denoted by I LP J , its elements byiLP J 2 I LP J . We write again iLP J
k = ( CO2k ; temperaturek ;

precipitation k ; cloudinessk ; wetdaysk ) to denote the input for gridcell k.

The model comes along with a set of attached functions computing outputs. These functions

compute values which are not part of the internal state, but are considered to be useful for

evaluating the evolution of the model. Formally, these functions are given by

f 1 : SLP J �! Y1

: : :

f n : SLP J �! Yn

where Y1; : : : ; Yn are sets which are in general di�erent from the set of internal states. Some

common output functions are:

1. f 1 : SLP J �! [0; 1] computing projected foliage cover in percent.

2. f 2 : SLP J �! [0; 1] computing fraction of gridcell burned this year.

3. f 3 : SLP J �! R+ calculating yearly �re carbon emissions in gC
m2 .

4. f 4 : SLP J �! R calculating carbon pools (vegetation) in gC
m2 (analogous for litter and soil).

This collection of output functions is not intended to be complete.

7.4.4 Transition function

The transition function is computed for a timestep of one year, the main loop in the programme

iterates over the number of years to simulate. For every year, the transition function (called

\iterate") is executed, computing the new state of every gridcell after one year. Internally this

transition function iterates again, this time over the numb er of days. So the new state of a
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gridcell is computed on a daily base. After 365 transitions an update of the variables computed

on an annual base is performed.

All state computations are of deterministic nature: given one initial state and one set of inputs

only one new state is computed. We can therefore formally specify the transition function as

follows:

compute LPJ : I LP J � SLP J �! Id (SLP J )

compute LPJ = update annual � update daily 365

where

update annual : I LP J � SLP J �! Id (SLP J )

update daily : I LP J � SLP J �! Id (SLP J )

7.4.5 Dynamical System

The executable LPJ-model implements a dynamical system in the notion given in this chapter.

It provides a function

LPJ Model : T �! X �! FX

where T is equal to [I LP J ], X is equal to SLP J and F = Id is the identity functor. The main

routine of LPJ executes the transition function in a loop as many times as the length of the

input pretends. After the computation is done, the internal state is written into a �le to o�er

the possibility to restart the system later with this state a s initial state. The model ful�lls the

axioms for the iteration of a dynamical system

LPJ Model [] sLP J = sLP J

LPJ Model xs : ys sLP J = LPJ Model ys (LPJ Model xs sLP J )

which was checked empirically.

7.5 Conclusion

In this chapter we introduced monadic systems as one instance of dynamical systems which we

see as suitable for implementation and the the use in computational applications of the formal

framework. We made clear that the classical de�nitions of a dynamical system are not helpful

if it comes to the implementation of such systems as softwarecomponents. In contrast, in the

monadic case we can give precise implementations of the operations we need.

We showed by choosing one example, that the computational models which are available indeed

�t into this framework of monadic systems. Therefore we concluded that this type of systems
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is appropriate for implementing software components for vulnerability assessements. The de-

velopment of these components is still in progress and will result in a PhD thesis in the year

2009.
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