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”...to collect facts for their own sake, as many now gather
facts, without a program, without a question to answer or
a purpose is not interesting.”

Letter of Vladimir Ivanovich Vernadsky (1863–1945) to his wife, 20 June 1888.





Summary

This thesis aims at improving the current representation of adaptation in economic frame-

works of climate change by a) accounting for the time-dependent evolution of the adaptive

capacities of countries and b) quantifying unwelcome feedbacks of the adaptation process.

In this context, it is proposed that economic assessments of climate change incorporate

adaptation as a cyclic and phase-dependent process while devising their cost methodolo-

gies. A phase-dependent process acknowledges the existence of adaptation barriers while

a cyclic process accounts for potential unwanted feedbacks of adaptation. By analyz-

ing economic assessments against this framework, it is shown that dependencies between

phases of adaptation and phases altogether are often disregarded. Furthermore, potential

negative consequences associated with adaptation are rarely considered and adaptation

is generally assumed to be unconstrained. The assumption of unconstrained adaptation

is only acceptable in the context of high adaptive capacity. This concept was further in-

vestigated through a review of vulnerability assessments regarding their operation of the

adaptive capacity component. It was found that adaptive capacity is mostly equated to

proxies that reflect the knowledge, financial and livelihood capacities of the system under

analysis.

With this theoretical considerations in mind, a dynamic representation of adaptive

capacity was elaborated at a country-level. The Human Development Index (HDI) was

used as a proxy of the adaptive capacity of countries and its evolution in time extrapolated.

The time required for countries to achieve developed world standards of human development

was then estimated. The results indicate that between 2005 and 2020, half of the world’s

population will live in countries with low adaptive capacity. This percentage is then

progressively reduced to 15% in the year 2050, with marked regional differences. The time

required for a country to achieve an appropriate level of development sets a clear constraint

on when, and to what extent, the country can engage on climate change adaptation. This

does not imply that adaptation will not take place before development occurs. Rather, it

calls for adaptation options to be tailored in order to fit the current and future adaptive

capacities of countries.

Obtaining higher levels of adaptive capacity is likely to be associated with negative

consequences for the climatic system. The statistical relation between HDI and per-capita

emissions of countries was established and future projections made. Between 2010 and 2050

≈300 Gt of CO2 are estimated to be associated with the increase of adaptive capacities of

current developing countries. This value represents about 30% of the allowed CO2-budgets

to restrict global temperatures to an increase of 2 ◦C by 2100 compared to pre-industrial

times – conditional to a 25% risk of failing to meet the target.
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For the case of sea-level rise, the modeling framework DIVA (Dynamic Interactive

Vulnerability Assessment) was used in order to illustrate the drawbacks of a simplistic

representation of adaptation. The results show that adaptation via the construction of

protective infrastructure might be economically feasible for particular countries. For oth-

ers, modeled results fail to provide a clear choice between adaptation or inaction. The

assumption of unconstrained adaptation resulted in the valuation of costly protection op-

tions whose financial and knowledge requirements can be at odds with the capacities of

some coastal countries – namely developing countries. Further, infrastructural protection

as adaptive measure to prevent coastal damages can have the counter-productive effect of

raising the amount and value of assets at risk. This is a direct result of DIVA disregarding

the potential unwelcome feedbacks of adaptation itself.

In conclusion, the full potential of economic assessments of climate adaptation is likely

to remain unlocked as long as adaptation continues to be misrepresented. The methodolo-

gies discussed in this work provide a way forward to alleviate this deficiency in forthcoming

assessments.
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Zusammenfassung

Das Ziel vorliegender Dissertation ist es, die gegenwärtige Darstellung von Anpassung

in ökonomischen Klimawandelstudien zu verbessern. Dies soll erfolgen durch a) die Ein-

beziehung der zeitabhängigen Entwicklung der Anpassungsfähigkeit von Staaten, und b)

durch die Quantifizierung unerwünschter negativer Rückkopplungen eines Anpassungs-

prozesses.

Es wird hierbei vorgeschlagen, Anpassung in ökonomischen Klimawandelstudien als

einen in mehreren aufeinanderfolgenden Phasen ablaufenden, zyklischen Prozess darzuste-

llen, und zwar eingebettet in die Methodik, die zur Erfassung der durch den Klimawandel

verursachten Kosten angewandt wird. Mit einem Stufenprozess kann der Existenz von

Anpassungsbarrieren Rechnung getragen werden. Durch einen zyklischen Prozess können

unerwünschte Rückkopplungen berücksichtigt werden. Indem ökonomische Studien unter

dieser Prämisse untersucht wurden, wird aufgezeigt, dass bisher häufig ganze Phasen der

Anpassung oder zumindest Abhängigkeiten zwischen einzelnen Phasen unberücksichtigt

geblieben sind. Darüber hinaus wurde festgestellt, dass potentiell negative Folgen im

Zusammenhang mit dem Anpassungsprozess kaum berücksichtigt wurden und dass Anpas-

sung im Allgemeinen als unbegrenzter Prozess angenommen wird. Grundsätzlich könnte

die Annahme einer unbegrenzten Anpassung im Kontext einer hohen Anpassungsfähigkeit

gerechtfertigt sein. Es wurde daher näher untersucht, inwieweit Vulnerabilitätsstudien die

Komponente der Anpassungskapazität operationalisieren. Es zeigte sich, dass sie meist mit

Indikatoren wie Wissen, finanzieller Kapazitäten und Kapazitäten zur Existensicherung

des zu betrachtenden Systems gleichgesetzt wurde.

Vor dem Hintergrund dieser theoretischen Überlegungen wurde eine dynamische Darste-

llung der Anpassungsfähigkeit auf der Staatenebene entwickelt. Hierfür wurde der ”Hu-

man Development Index” (HDI) als Indikator für die Anpassungsfähigkeit von Staaten

verwendet und dessen Werte in die Zukunft extrapoliert. Anschließend wurde die Zeit,

die ein Staat benötigt, um den Entwicklungsstandard der ”entwickelten Länder” zu er-

reichen, abgeschätzt. Die Ergebnisse zeigen auf, dass zwischen 2005 und 2020 die Hälfte

der Weltbevölkerung voraussichtlich immer noch in Staaten mit einer geringen Anpas-

sungsfähigkeit leben wird. Dieser momentan hohe Prozentsatz wird sich reduzieren, um

ca. 15% bis zum Jahr 2050, allerdings mit deutlichen regionalen Unterschieden. ”Entwick-

lung” ist zwar die unbedingte Voraussetzung für die aktive Einleitung von Anpassungs-

maßnahmen. Allerdings bedeutet dies nicht, dass Anpassung nicht vor dem Erreichen

eines hohen Entwicklungsniveaus (definiert nach HDI) stattfinden kann. Vielmehr macht

es deutlich, dass vorgeschlagene Anpassungsoptionen auf das jetzige und zukünftige Niveau

der Anpassungsfähigkeit von Staaten zugeschnitten werden müssen.

Jedoch ist wahrscheinlich eine Zunahme der Anpassungsfähigkeit mit negativen Konse-

quenzen, wie einem Anstieg des Risikos für das Klimasystem, verbunden. Die statistische
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Beziehung zwischen dem ”HDI” und den Pro-Kopf Emissionen von Treibhausgasen von

Staaten wurde daher weitergehend untersucht und extrapoliert. Zwischen 2010 und 2050

wären circa 300 Gt an CO2 auf den erhöhten Entwicklungsstandard und damit auf eine

erhöhte Anpassungsfähigkeit von Entwicklungsländern zurückzuführen. Dieser Wert stellt

etwa 30% des erlaubten CO2-Budgets dar, von dem angenommen wird, dass er den glob-

alen Temperaturanstieg auf 2 ◦C bis 2100, im Vergleich zur vorindustriellen Zeit, begrenzt

– unter Inkaufnahme eines 25 prozentigen Risikos, dieses Ziel zu verfehlen.

Bezüglich des Meerespiegelanstiegs wurde der Modellierungsansatz DIVA (Dynamic

Interactive Vulnerability Assessment) verwendet, um die Nachteile einer vereinfachten

Darstellung von Anpassung tiefgehend zu diskutieren. Die Ergebnisse zeigen, dass An-

passung für manche Staaten ökonomisch sinnvoll sein kann, z.B. in Form der Errichtung

schützender Infrastrukturen. Für andere Staaten hingegen liefert das Modell allerdings

keine eindeutige Aussage darüber, ob eine Anpassung sinnvoll sein könnte oder nicht. Es

ist in diesem Kontext zu erwähnen, dass kostenintensive Infrastrukturoptionen bevorzugt

werden, deren Anforderung an finanzielle Ressourcen und Wissen mit den Kapazitäten

mancher Staaten im Konflikt stehen, da Anpassung in diesem Modell nicht als Prozess

verstanden wird. Darüber hinaus können infastrukturelle Optionen zur Vermeidung einer

Überflutung von Küstenregionen kontraproduktive Folgen haben, nämlich z.B. einer Zu-

nahme potentiell gefährdeter Infrastrukturen bzw. Vermögensgegenständen.

Schlussfolgernd wird festgestellt, dass das volle Potenzial von ökonomischen Studien

zur Anpassung an den Klimawandel nicht ausgeschöpft wird, solange Anpassung nur un-

genügend einbezogen wird. Die in dieser Dissertation diskutierten Methoden zur Integra-

tion von Anpassung tragen dazu bei, diesbezügliche Defizite in zukünftigen Studien zu

beheben.
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1
Introduction

Adaptation to climate change is an unavoidable undertaking to keep climate impacts in

social and ecological systems within tolerable levels (Schellnhuber et al., 2006). Adapta-

tion has become a topic of scientific inquiry by practitioners (Roberts, 2010), a frequent

element of development policy design (Horstmann, 2011) and a widespread matter of pub-

lic awareness (Tompkins et al., 2010). With impacts of global warming reviewed upwards

(Rahmstorf, 2007; Kotir, 2011) and climate negotiations falling short of meaningful CO2

stabilization targets (Rogelj et al., 2010), the consequences of climate change are expected

to hit the heart of contemporary societal concern – the economy (Stern, 2006a). Conse-

quently, the monetary efforts required for climate adaptation grew in importance and are

now seen by decision-makers as being on par with those required for climate mitigation

(Agrawala and Fankhauser, 2008).

Despite the progress in assessing the adaptation costs of climate change only two gen-

eral conclusions appear to have crystallized. The first is the effect of timely adaptation in

lowering the expected impacts of climate change (Fankhauser, 2010). The second, is that

monetary efforts necessary for adapting to climate change(although substantial in absolute

terms) comprise only a small fraction of the global Gross Domestic Product (GDP) (Stern,

2006a). These conclusions however often breakdown at spatial levels below global. For

example, adaptation costs of sea-level rise in small island states were estimated to be as

high as 10% of national GDP (Anthoff et al., 2010).

Independent of their limitations, researchers suggest that economic estimates of adap-

tation are valuable entry points in discussing optimal policy mixes of adaptation and

mitigation (Edenhofer et al., 2010) and to serve as criteria for prioritizing adaptation op-

tions (Bruin et al., 2009). Although iconic works (see World Bank (2006)) have helped

to raise the profile of adaptation costs in climate discussions, the real impact on adapta-

tion cost estimates in climate adaptation policy remains unclear. There is very limited

evidence of adaptation actions taking place in developed countries (Ford et al., 2011). At

the international level, adaptation efforts have been mostly based on irregularly funded

patchwork of multi and bilateral initiatives, rather than a fully conceived and functioning
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regime (Burton et al., 2006). The mismatch between the role attributed to economic esti-

mates of adaptation in research and the inertia of adaptation implementation and financing

calls for the investigation of how adaptation is considered in cost assessments of climate

change. Unfortunately, it is often the rigid economic assumptions in assessments of climate

change that take the spotlight in discussions (Şerban Scrieciu et al., 2011). Aspects like

the choice of appropriate discount rates or the implications of fat-tailed uncertainty on

economic valuation have been recurrent in literature (Nordhaus, 2007; Weitzman, 2011).

Little attention however has been paid to how the analyst envisions climate adaptation to

take place beyond the assumption that adaptation will be economically rational (Hane-

mann, 2000).

Once economic assessments of climate change are investigated under such perspective,

obvious miss-representations of adaptation start to emerge. Adaptation has been assumed

to unfold in a context of unconstrained capacities of countries or regions (Füssel, 2010).

Such oversimplification masks the large number of social and physical dimensions shaping

adaptation (Nielsen and Reenberg, 2010; Jones and Boyd, 2011). This can compromise

the validity of the general statements produced by economic assessments of adaptation.

The chronic adaptation deficit reported in developing countries (World Bank, 2010) high-

lights the fact that knowledge, financial and institutional barriers to adaptation can be

substantial (Grothmann and Patt, 2005). In such a context, adaptation is likely to emerge

as a delayed reaction (Burton and Lim, 2005). Using the Framework for Uncertainty, Ne-

gotiation and Distribution (FUND) (Anthoff and Tol, 2010), de Bruin and Dellink (2011)

reports that the expected loss of global welfare in case adaptation is delayed by approx-

imately 30 years is only outranked by the case when adaptation is infective with raising

temperatures. Such is indicative of how sensitive economic estimates are when the adap-

tive capacities of countries are investigated in a non-optimal way – the only way adaptation

is expected to unfold (Adger et al., 2009; Dessai et al., 2009).

Under the current economic paradigm, the determinants of adaptive capacity – finan-

cial, knowledge or livelihood performance of countries (Brooks et al., 2005) – have been

empirically linked to the magnitude of past Greenhouse gas (GHG) emissions (Steinberger

and Roberts, 2010; Costa et al., 2011). In order to maintain global temperatures below a

2 ◦C increase – a level agreed by over 100 countries as a fundamental guideline of future

climate policies – there are limited amounts of carbon which are allowed to be emitted

to the atmosphere over the next decades (Meinshausen et al., 2011). Depending on the

nature of adaptation measures proposed in economic assessments, acquiring the necessary

level of adaptive capacity can dictate the release of a certain amount of GHG emissions.

Just how much GHG emissions are associated with adequate adaptive capacities of each

country is yet unknown. In this respect, economic estimates of adaptation have focused

on the implementation of infrastructural adaptive measures that are either scaled-up or
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newly planned to accommodate future levels of climatic change, see Ward et al. (2010),

World Bank (2010) and Kirshen et al. (2000). Such measures are not only capital intensive,

but also require substantial levels of knowledge and institutional coordination since their

implementation will need to take place in a context of high climate uncertainty (Hallegatte

et al., 2007).

This thesis pursues a way out of the above mentioned drawbacks by proposing a care-

ful representation of adaptation before departing to an economic assessment of measures.

A representation that steps away from the unrealistic assumption that countries possess

the adequate capacities to deal with climate change. Furthermore, a representation that

clarifies the potential trade-offs between the proposed adaptive measures, the necessary

adaptive capacities and the associated GHG emissions. Finally, a representation of adap-

tation that moves economic assessments of climate change one step closer to mimicking

the non-trivial relations between society and environmental change.
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1.1. DEFINING RELEVANT TERMS

1.1 Defining relevant terms

It is important that some terms used in this thesis are conveniently defined. The following

section reviews the definition of the terms adaptation, adaptation costs and adaptive

capacity.

Adaptation and adaptation costs

Central to the work carried out during this thesis is the concept of climate change adap-

tation. The term adaptation – as presently used in the global change research – has its

origins in the field of evolutionary biology (Smit and Wandel, 2006). In the field of climate

change, adaptation is defined by the IPCC (2007a) as ”adjustments in natural or human

systems in response to actual or expected climatic stimuli or their effects, which moderates

harm or exploits beneficial opportunities”. In a climate-policy context, Pielke (1998) de-

fines adaptation to climate change as ”adjustments in individual groups and institutional

behavior in order to reduce society’s vulnerability to climate”. A more generic definition

has been proposed by Brooks (2003), framing adaptation as ”adjustments in a system’s

behavior and characteristics that enhance its ability to cope with external stress”. In so-

cial sciences, adaptation to global change has been defined as a process, action or outcome

in a system (e.g., community, region or country) to better cope with, manage or adjust

to changing condition, stress, hazard, risk or opportunity (Smit and Wandel, 2006). In

this sense, adaptation refers both to the process of adapting and to the condition of being

adapted (Smit and Pilifosova, 2003). The term ”adjustment” appears to be central in the

definitions of adaptation. This might convene the idea that the system will only have to

deal with incremental changes in climate. Some authors argue that in the prospect of se-

vere climate change, transformational rather than incremental adaptation will be required

(Kates et al., 2012).

Economic assessments of adaptation have not carried this understanding into their

methodological work. Although adaptation costs have been defined as those necessary

for ”planning, preparing, facilitating, and implementing adaptation measures (including

transaction costs)” (IPCC, 2007b), adaptation costs in economic assessments better re-

flect the costs of implementing adaptation measures. Costs of planning, preparing and

facilitating adaptation are generally absent from economic estimates. When framed under

the broader context of the economics of adaptation – the optimization problem between

climate change impact, mitigation and adaptation costs – adaptation costs often refer to

those of implementing adaptive measures plus the residual costs of climate impacts that

can not be avoided (Nordhaus, 2008).

5



1.2. FORMULATING THE RESEARCH QUESTIONS

Adaptive capacity

In the IPCC (2001), adaptive capacity is defined as the ”ability of a system to adjust to cli-

mate change (including climate variability and extremes) to moderate potential damages,

to take advantage of opportunities, or to cope with the consequences”. The similarities

between the definition of adaptation and adaptive capacity are noticeable. In fact, the

definition of adaptive capacity could be reduced to ”the ability of a system to adjust to

climate change”.

Terms used in a natural-hazard context, for example, coping capacity or deficiency in

preparedness can be linked to the idea of adaptive capacity. The IPCC (2007b) definition

of adaptive capacity as the ability of a system to ”adjust to climate-change to moderate

potential damages, to take advantage of opportunities, or to cope with the consequences”

includes the notion of coping capacity found in risk-hazard research. Although differ-

ent in terminology, both refer to the ability of a system to cope with the hazard stress

(Taubenböck, 2008; Birkmann, 2006). While adaptive capacity underlines the ability of a

system to change, coping capacity refers to the ability to absorb impacts (UNEP, 2002).

Within climate-adaptation literature, many studies have focused on assessing the ca-

pacities of regions that often stand in the way of adaptation (Grothmann and Patt, 2005).

Adaptive capacity has been related to the economic, social, institutional, and technological

determinants that facilitate (or constrain) the development and deployment of adaptive

measures (Smit and Pilifosova, 2003). Adaptive capacity is also a central component in

vulnerability research in the field of climate change (IPCC, 2007b). In vulnerability as-

sessments, the adaptive capacity component has been related to economic, knowledge and

livelihood proxies of a country (Brooks et al., 2005). At more detailed scales (e.g., sub-

national administrative regions) the same appears to hold true. Adaptive capacity has

been equated to indicators such as the financial budget of a municipality and households

(Holsten and Kropp, 2012) or the access to education and health of regions (Kienberger,

2012; Pandey and Jha, 2012).

1.2 Formulating the research questions

The main hypothesis of this thesis is that the representation of adaptation found in current

economic assessments is deficient, in particular when costs of adaptation are assessed for

countries or regions with low levels of adaptive capacity. In these cases, the unrealistic

assumptions of unlimited adaptive capacity of countries and optimal knowledge (Füssel,

2009) overshadows the documented existence of barriers to climate change adaptation

(Moser and Ekstrom, 2010).

Accordingly, an important step before analyzing economic estimates of adaptation is

to evaluate the extent to which adaptation as a process is represented in the methodolog-
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1.2. FORMULATING THE RESEARCH QUESTIONS

Figure 1.1: Phases and subprocesses throughout the adaptation process. Extracted from Moser
and Ekstrom (2010).

ical domain of economic assessments. The rationale for this can be linked to the stage-

dependent nature of adaptation (Moser and Ekstrom, 2010) – see Fig. 1.1. Accordingly,

adaptation is not restricted to implementing particular options (as commonly understood

in current assessments, see section 1.1) but rather as the outcome of several interconnected

phases and sub-processes. By acknowledging the existence and the dependency between

adaptation phases, the analyst is forced to account for potential barriers hindering climate

change adaptation. For example, case studies investigating climate change adaptation in

agricultural systems have highlighted that it is often the institutional settings of regions

and the lack of farmer’s knowledge on specific measures and programs that constitute the

main constrains to adaptation (Deressa et al., 2009; Sowers et al., 2010). Such aspects

have been broadly absent from economic estimates of adaptation, even in comprehensive

and recent attempts – see World Bank (2010). In order to understand how adaptation is

represented in economic assessments, and thus to identify possibilities to bring the repre-

sentation closer to a process, Research Question A (RQA) is formulated:

RQA: To what extent adaptation as a process is considered in economic

assessments of climate change?

Proposing to represent adaptation as a process in order to account for the lack of

adaptive capacities of countries or regions implies that a clear understanding of adaptive

capacity is required. To achieve this, vulnerability assessments carried out in the field of

climate change where regarded as a useful tool. Unlike theoretical work defining adaptive

capacity (see Sec. 1.1), vulnerability assessments develop proxies and conceive approaches

to measure adaptive capacity. Because adaptive capacity is a crucial component in vul-

nerability assessments, its quantification has been a persistent topic of discussion (Yohe

and Tol, 2002; Nelson et al., 2010). This thesis takes advantage of the quantification of

adaptive capacity taking place in vulnerability assessments to obtain a working definition

of the concept.
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1.2. FORMULATING THE RESEARCH QUESTIONS

A systems-thinking perspective on adaptation implies that the interaction between

adaptive capacity and climate needs to be investigated. In this respect, it is necessary

to estimate if an increase of the adaptive capacity of countries comes associated with an

unwanted increase of GHG emissions. If adaptive options in economic assessments are at

odds with the adaptive capacities of countries, that is, if an adaptation option requires a

higher level of capacities than those a country currently posses, then a certain amount of

GHG could come associated with an increase of adaptive capacity until the requirements

for the proposed adaptation option is fulfilled. It was shown (see Sec. 1.1) that adap-

tive capacity has been linked to the financial, knowledge and livelihood performance of

countries. In turn, these determinants have been connected to past GHG emissions from

fossil fuel (Costa et al., 2011). In a carbon constrained world it is important to be ex-

plicit about the potential emission-repercussions that societal actions have in the climate

system. For example, the risks of keeping the 2 ◦C target associated with changes in the

adaptive capacity of countries. The two aspects described forehand are tackled cumula-

tively in Research Question B (RQB) formulated as follows:

RQB: What are the risks of achieving the 2 ◦C target if adaptive

capacities of countries are enhanced as in the past?

The final challenge of this thesis is to propose particular ways forward for an adequate

representation of adaptation that can be adopted by economic assessments in climate

change research. To achieve this, the scope of this thesis is narrowed to the concrete

example of adaptation to sea-level rise.

Expected impacts (e.g., social, economic, ecologic) from sea-level rise are currently

among the most relevant consequences of ongoing global warming (IPCC, 2007b) – even

in the prospect of small sea-level changes (West et al., 2001). Monetary impacts due to

sea-level rise have been a matter of concern (Nicholls and Cazenave, 2010) and have been

amplified in society with the occurrence of meteorologic events such as the hurricane Ka-

trina (August 28, 2005) – the costliest natural disaster in the history of the United States

(Knabb et al., 2005) – and more recently hurricane Sandy (October 25, 2012). Long

term rates of sea-level rise add to the height of storm surges. Expected impacts costs of

this interaction have been reported to be several times higher than those of progressive

inundation in the future (Michael, 2007). Regional rates of sea-level change (Fig. 1.21)

occur along costs with variable concentrations of exposed capital to produce heterogeneous

patterns of potential impacts (Yohe et al., 1996). There is now convincing evidence that

previous estimates of sea-level change have been underestimated – see Fig. 1.3 and consult

Tab. A of the Annex for details. Strategies for adaptation to sea-level rise need to account

1All maps, figures and graphs are product of my own work except when conveniently noted.
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Figure 1.2: Average sea-level variation from satellite altimetry data between 1992 and 2011. Satel-
lite data from Topex and Jason1.

for the fast evolving scientific knowledge on climate change but also be immediate enough

(within the next decades) in order for adaptation to be cost effective (Nicholls, 2011).

Figure 1.3: Review of sea-level rise estimates by 2100. Numbers relative to 1995 sea-levels except
* and **, relative to 1980-2000 average and to 2000 level respectively. Red rot refers to sea-level
change from satellite measurements (1997 and 2000).

The example of adaptation to sea-level rise illustrates well the purpose of this thesis

well. The representation of adaptation to sea-level rise in economic assessment has been

equated to a narrow solution space (Neumann et al., 2010) and estimates are based on the

assumption of optimal knowledge and resources (Kirshen et al., 2008). Accordingly, the

final research question of this thesis (RQC) is formulated to condense the outcomes of the

preceding questions. I formulate RQC as follows:

RQC: What are strategies to go beyond the current state-of-the-art in

estimating adaptation costs to sea-level rise?
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1.3 Publications and structure

Figure. 1.4 shows to what extent the publications included in this thesis have contributed

to answering a particular research question.

In publications # 1 and # 2 two structured literature reviews are conducted. The pur-

pose of these two reviews is to evaluate respectively (i) how current economic assessments

of adaptation conceptualize adaptation as a process and (ii) how components of vulnerabil-

ity have been defined and operated in the context of climate change and natural-hazards

research. The first review exposes the magnitude of the problem, that is, how climate

change adaptation has been represented in economic frameworks and how far this repre-

sentation has been from the concept of adaptation as a process. The second review aims at

improving the understanding of how the concept of adaptive capacity is made operational

– both in the context of vulnerability assessments of climate change and natural-hazards

research.

Publication # 3 undertakes a comprehensive analysis of the temporal evolution of the

Human Development Index (HDI) as a proxy for the adaptive capacities of countries. Pro-

jections of HDI are proposed along with the associated CO2 emissions in the context of

the 2 ◦C framework. A concrete level of development is suggested before which a decou-

pling of CO2 and development would be historically unfair for developing countries. CO2

emissions and time delays to achieve particular adaptive capacity level are estimated on a

country basis.

Figure 1.4: Contribution of publications to the formulated research questions.

Finally, publication # 4 explores the necessary costs for EU 27 coastal countries to

adapt to sea-level rise via the construction of protective infrastructure. Using the DIVA
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model, costs of sea-level rise impacts and adaptation are estimated for the time period

2000-2100 on a country basis. The publication illustrates the advantages of the modeling

frameworks as well as the drawbacks resulting from a misrepresentation of the adaptation

process.

This thesis is structured as follows: Chapter 2 describes the different methodologies

employed in each of the research questions. Chapter 3 discusses the main findings of the

included publications in the context of each research question. In detail, Sec. 3.1 describes

to what extent the representation of adaptation found in economic assessments mimics

the concept of adaptation as a process. Taking advantage of the methodological richness

of investigated assessments, concrete suggestions to mitigate the highlighted deficiencies

are proposed. In section 3.2 adaptive capacity and related concepts are investigated in the

context of vulnerability assessments carried in climate-change and risk-hazard contexts.

Furthermore, proxies and methods used to quantify adaptive capacity are subjected to crit-

icism. Section 3.2 evaluates the consequences of keeping the 2 ◦C target if the enhancement

of adaptive capacities by countries comes associated with the release of GHG. This is done

via the elaborating a statistical model to project HDI and CO2 emissions. Section 3.3 dis-

cusses the drawbacks of an established modeling framework that derives adaptation costs

of sea-level. The section concludes with ways to better represent the adaptation process

at the coastal zones to the threat of sea-level rise. Finally, chapter 4 expresses the main

conclusions of this thesis and proposes lines of future research regarding adaptation costs

described. The original publications supporting this thesis are reproduced in the Annex.
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2
Methods

2.1 Literature reviews of vulnerability and adaptation costs

This section describes the methodologies used to adress each research question. The

first step towards was to elaborate two structured literature reviews on the aspects of

adaptation costs and the definition and operation of adaptive capacity in the context of

vulnerability assessments. The structured reviews were conducted with the following ob-

jectives: 1 – evaluate to what extent adaptation as a process is considered in economic

frameworks of climate change and 2 – investigate how adaptive capacity is defined and op-

erated in the context of vulnerability assessments of climate change. The word structured

is used to reflect the fact that each case-study sample supporting the reviews was investi-

gated according to two established conceptual models, namely; a qualified description of

vulnerability (Füessel, 2007) and adaptation as a process (Moser and Ekstrom, 2010).

To achieve the first objective, the concept of adaptation as a process elaborated in

Moser and Ekstrom (2010) was used as the yardstick to evaluate current economic frame-

works of adaptation to climate change. The purpose is to evaluate to what extent eco-

nomic assessments have mimicked the three phases of the adaptation process highlighted

in Fig. 1.1. Two questions are therefore answered for each economic assessment of adapta-

tion: 1) Are the costs for a particular adaptation phase available? and 2) Are dependencies

between phases of adaptation considered? The first question determines for which phases

financial efforts are available while the second reveals the extent to which the analyst con-

siders adaptation as a stage dependent process. A total of 14 economic assessments are

investigated.

The second objective is to evaluate how adaptive capacity has been defined and op-

erated in vulnerability assessments of climate change and risk-hazard. The review differs

from previous ones (e.g. Thywissen (2007) and Hufschmidt (2011)) by acknowledging that

the interpretation of vulnerability by a researcher is best understood when vulnerability-

measuring methods are described (Wolf et al., 2008; Hinkel, 2008). By extension, clari-

fication of the different components of vulnerability – namely adaptive capacity – is also

12
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better achieved through the evaluation of its operation rather than its semantic definition.

Dimension Example

System Economic sector, geographical region

Attribute of concern Human lives, income, carbon sequestration

Stress or perturbation Climate change, earthquake

Temporal reference Long term, 50 years

Table 2.1: The four dimensions composing a qualified description of vulnerability adapted from
Füessel (2007)

For each investigated vulnerability assessment a qualified description of vulnerability

according to Füessel (2007) was derived. The description includes a total of four dimen-

sions detailed in Tab. 2.1 – system under analysis, hazard, attribute of concern and time

dimension of the analysis. The hazard dimension was replaced by stress or perturbation

to make it flexible enough to include both discrete events and continuous stress. After-

wards, the operation of vulnerability components was determined by investigating the

methodological sections of each case study. A total of 12 vulnerability assessments are

investigated.

2.2 Dynamics of Human development

In order to move forward with the long-lasting assumption that countries poses unlimited

capacities to implement climate change adaptation, a dynamic approach on measuring and

projecting adaptive capacity was elaborated. To achieve this, the temporal evolution of the

Human Development Index (HDI) on a country basis was taken as a proxy of the level of

adaptive capacity. The HDI is an integrative measure of the socio-economic development

of a country in respect to the dimensions of a healthy life, knowledge, and decent standard

of living (UNDP, 2009). It is therefore implicitly assumed that the progress of a country

regarding its HDI will broadly translate into improved adaptive capacities. In addition,

the relation between human development and CO2 emissions have to be quantified as to

point for potential implication for the climate system due to the enhancement of adaptive

capacity. To quantify both the temporal dynamics of HDI as well as the relation to CO2

emissions the following three major assumptions are made:

1. The Human Development Index (d) of a country (i) evolves in time (t) following a

logistic regression.

2. The Human Development Index and the logarithm of the CO2 emissions per capita

(e(c)) of countries are linearly correlated.
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3. The changes of di,t and e
(c)
i,t are correlated among countries, i.e. countries with similar

values comprise similar changes.

For the projections it is implied that countries behave as in the past with respect to

the 3 previous points. It is of course impossible to predict how countries will develop

and how much CO2 will be emitted in the future. Accordingly, all extrapolations are not

predictions but rather a plausible future supported by past relations between development

and the emissions.

The evolution of HDI values is elaborated following a logistic regression (Hosmer and

Lemeshow, 2000). This choice is supported by the fact that the HDI is bounded to 0 ≤
di,t ≤ 1 and that high HDI countries develop slowly. For each country separately

d̃i,t =
1

1 + e−ait+bi
(2.1)

is fitted to the available data, obtaining the parameters ai (how fast a country de-

velops) and bi (when the development takes place). Only countries for which at least

4 measurement points are available were used in the analysis, leading to regressions for a

total of 147 countries out of 173 in the data set. For the 52 countries with no available

data, it is assumed that countries with similar HDI have on average similar changes of

HDI and that countries with similar emissions per capita have on average similar changes

of emissions. In other words, in the ln e
(c)
i,t -di,t-plane, the countries move similarly to their

neighborhood. For each pair of countries i and j that comply with the minimum number

ob measurement points,

ci,j(∆d) =
(δdi − 〈δd〉)(δdj − 〈δd〉)

σ2δd
(2.2)

is calculated. Where δdi = di,2005 − di,2000 is the difference in time, 〈δd〉 is the aver-

age of δd among all countries providing enough data, and σ2δd is the corresponding variance.

Correlations between CO2 emissions per capita and the three components of the HDI

(healthy life, knowledge, and a decent standard of living) are shown in Fig. 2.1 as example

for the year 2006. In all cases clear correlations are found. In particular, it is noted

that the slopes for the individual components are smaller than the one for HDI. This

supports the usage of the HDI as summary measure rather than the use of individual

indicators separately. However, the correlation coefficients of the life expectancy index

vs.. CO2 emissions per capita and the education index vs. CO2 emissions per capita

are somewhat smaller (0.78 and 0.82, respectively) than the one for the GDP index vs.

CO2 emissions per capita (0.92). Plotting the evolution of individual HDI components

one can observe for example, that the relative gains in education and life expectancy in

Bangladesh supplant the gains in per capita GDP (Fig. 2.1).
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Figure 2.1: Correlations between CO2 emissions per capita and HDI as well as its components.
Panels (a-d) are cross-plots in semi-logarithmic representation, where each filled circle represents
a country. (a) CO2 emissions per capita values vs HDI values for the year 2006 (173 countries).
(b-d) analogous for the HDI components, i.e. (b) GDP index, (c) life expectancy index, and (d)
education index. Correlation coefficients are 0.92, 0.91, 0.82 and 0.78 for GDP, HDI, Education
and Life expectancy respectively. Trajectories (1980-2006) for Japan, China, India and Bangladesh
are included, evolving from the lower left to the upper right. Solid straight lines are exponential
fits to the data and the dotted lines in (b-d) correspond to the fit from (a).

Making use of the time-dependent correlations between CO2 and HDI elaborated,

CO2 emissions are extrapolated into the future for all countries. Because it assumed that

a change in the HDI score of a country will broadly translate into adaptive capacity, it is

necessary to determine a tentative level of development beyond which a country possesses

the minimum capacities to undergo on climate change adaptation. Such threshold level

was estimated by making use of the logistic regression in Eq. (2.1). The logistic regression,

Eq. (2.1), is in physics also known as Fermi-Dirac distribution. The regression comprises

three distinct points; an inflection point, a maximum curvature point and a minimum

curvature point. The maximum curvature point indicates an HDI saturation, or in other

words, a point beyond which gains is HDI are very slow in time. Such saturation level

is taken in this thesis as an indicative threshold beyond which countries poses minimum

adaptive capacities. Taking the value of maximum curvature as indicative, CO2 emissions

are integrated between the years 2000 and 2050 for each country as long as HDI is below

the saturation level.
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2.3 Projection of adaptation costs

A cost assessment of adaptation to sea-level rise for European coastal countries was con-

ducted using the Dynamic Interactive Vulnerability Assessment model (DIVA) version

1.01. This section describes in relevant features and approaches of the model used.

DIVA is an integrated model for coastal systems that assesses biophysical and socio-

economic impacts of sea-level rise. In total, 36 sea-level scenarios are available between

2000 and 2100 in the DIVA model. As illustration, global sea-level projections between

1990 and 2100 range from 0.17 and 1.07 m for the B2-low and A1FI-high respectively. The

indication of low and high reflects levels of climate sensitivity. To derive relative sea-level

rise scenarios at the coastal-segment scale (≈ 12000 segments) DIVA combines the thermal

expansion component of CLIMber2 (Ganopolski et al., 2001) with glacial isostatic adjust-

ment from Peltier (2001). In delta regions, a natural uniform background subsidence of 2

mm/yr is assumed. No human-induced subsidence (e.g., withdrawal of subsurface fluids

like groundwater or gas) is considered. The IMAGE 2.22 model was used as the basis

for the DIVA socio-economic scenarios regarding variables like population and GDP per-

capita.

Figure 2.2: Examples of the 100-year surge height (a and b) and current dike height (c and d) as
found in the DIVA database. The examples refer to the European (a and c) as well as the East
and Southeast Asian regions (b and d).

1DINAS-COAST Consortium, 2004: DIVA 1.0. Potsdam Institute for Climate Impact Research, Pots-
dam, Germany, CD-ROM.

2IMAGE 2.2. Available online at http://arch.rivm.nl/image/
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The model operates with an extensive database of physical and socio-economic char-

acteristics of coastal areas available at the global level. These coastal settings are crucial

in determining both the impacts and the adaptation costs to sea-level rise. Examples of

variables included in the DIVA database are: terrain elevation, dominant land-use, major

rivers or world heritage sites. Spatial explicit examples of variables included in the DIVA

model database are shown in Fig. 2.2. Namely two important coastal features for adap-

tation to sea-level rise are presented; the 100-year surge level (Fig. 2.2a and b) and dike

height (Fig. 2.2c and d).

A total of 10 modules quantify the effect of global sea-level rise for a number of impacts

(e.g., flooding, erosion or wetland change modules) and adaptation-related (e.g., costing

and adaptation module). The costing and adaptation module computes the economic im-

pacts of sea-level rise and the required level of adaptation. Sea-level impacts investigated

by in DIVA are: land lost to erosion and flooding, wetland lost, flood risk, salinity intru-

sion and forced migration. Costs of adaptation include those necessary for dike building,

beach nourishment and wetland nourishment. To determine the value of dry-land used by

humans, the DIVA model uses the value of agricultural land at risk of inundation as basis.

The overall assumption is that human activities will expand at the expense of agricultural

land and nature in case dry-land becomes permanently inundated due to projected sea-

level rise. The annual value of agricultural land at any DIVA segment s and time t is given

by

V Ag
s,t =

(
Ys,t
As,t

)β
(2.3)

in which V Ag is the agricultural value ($1995 km−1 yr−1), Y is the gross segmental

product ($1995 yr−1), A the size of the segment (km2) and s and t are indices referring

to respectively segment and time. It should be pointed that Eq. 2.3 is determined using

income density data and agricultural land value for 50 continuous states of the United Sates

of America (USA). The function is then applied globally throughout the DIVA database

in order to estimate the value of agricultural land.

The occurrence of a flood event at any given coastal segment is given by the flooding

module and comprises three types of outputs; flooded area Ap, maximum flood depth

Hp and probability p (1, 10, 100 and 1000-year events). DIVA assumes that the damage

cause by a flood follows a logistic relation with the flood depth H and that flood depths

are highest near the coast that further inland. The damage D cause by a flood across a

perpendicular line l to the coastline is given by

Dline = αY

∫ Lp

0

β2Hp

(
1− l

Lp

)

1 + β2Hp

(
1− l

Lp

)dl (2.4)
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where α is the maximum damage, Y the income density, Lp the maximum penetration

of flood given by the fraction of maximum area Ap and the length of a coastal segment

W , and l is the distance to the coast. Multiplying Eq. 2.4 by coastal length W gives the

damage expected in the flooded area of a coastal segment.

DIVA assumes that adaptation to sea-level rise will be economically rational and de-

termines the optimal protection level F of a coastal segment by balancing the marginal

benefits and costs of protection according to

α(1 + S)χyλP εF ϑ = βHp(1 + S)yyµFϕ (2.5)

The marginal benefits are expressed on the left side of Eq. 2.5, where S is sea-level

rise, y the per capita income of the coastal segment. The parameter F can be interpreted

as the design return period of the protection measures. Without protection (F=0), the

benefits of protection are also zero. On the cost side (right) of the equation H represents

the surge height3. If a new dike needs to be built DIVA assumes that its height should

at least the one of the storm surge level projected, and that its length should match the

length of the entire coastal segment. The costs of dike building are taken from Hoozemans

et al. (1993).

In order to assess the costs and benefits of coastal protection in the coastal countries of

the European Union (EU27) DIVA was runned according to two different policy futures –

a Business As Usual (BAU) and ADaPtation (ADP) future. The technical specifications

adopted to run the DIVA model are summarized in Tab.2.2. There is sufficient ground

to believe that previous AR4 estimates of sea-level rise are underestimated (see Fig. 1.3).

Authors have proposed that future range of global mean sea-level is likely to be within

the 1 meter range by the end of the current century. In order to reflect recent literature

findings only the SRES A2-high forcing scenario was used. In Tab. 2.2 the specifications

used in to run the DIVA model are shown. Globally, A2-high forcing scenario results on a

global temperature increase of 4.8 ◦C and a sea-level rise of 0.96 m by 2100 in relation to

1990 levels.

The costs of sea-level rise adaptation are compared with those of inaction, or in other

words, the costs of sea-level rise impacts without adaptation. The objective is to determine

what will be more costly in the long term, the impacts of sea-level rise alone, or the

impacts of sea-level rise plus the costs of adaptation. To achieve this two hypothetical

adaptation scenarios are investigated. In the BAU scenario no adaptation in the form of

dike construction takes place. This is, decision makers responsible for the management of

3See The DIVA model: socio-economic scenarios, impacts and adaptation, and world heritage document
of DIVA 1.0. CD-ROM for further details on mathematical expressions.
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Variables Specification

Climate forcing
SRES scenario A2

Climate sensitivity high

Projected change
Global temperature change (1990-2100) 4.8 ◦C

Global sea-level (1990-2100) 0.96 m

Adaptation settings
Adaptation options No adaptation

Dike construction & land nourishment
Adaptation implementation Normative

Adaptation level 100-year flood
Annual discount rate 3 %

Table 2.2: Specifications adopted in the model run preformed with DIVA

the coastal zones choose to follow the path of inaction and simply deal with the impacts

of sea-level rise as they take place. Because relocation of human settlements is often a

matter of political constrain (Parker et al., 2013), it is allowed in BAU to replace land-loss

due to erosion in order to preserve the coastal morphology.

In the ADP scenario, adaptation in the form of dike construction is allowed. The

required level of adaptation is set in a normative way at the 100-year flood return level.

This standard of protection is usually adopted as reference across several European coastal

countries4. Setting DIVA on normative adaptation mode results in coastal adaptation to

be implemented independent of its cost/benefit ratio. Although it is arguable to model

the economics of adaptation in this way, adaptation to climate change has been envisioned

to constitute an economic rational endeavor (Smit and Wandel, 2006). On the other hand,

the use of cost-benefit analysis as criteria to make decisions appears to have declined. An

extensive review on the use of cost-benefit analysis by 51 World Bank officers showed that

in 82% of the cases cost-benefit analysis had not been the key criterion in the decision to

fund a particular project (IEG, 2010a). The resulting costs of both the BAU and ADP

scenarios are integrated during the 2000 and 2100 time-frame for a total of 22 coastal

countries belonging to the European Union (EU27).

It is worth to mention that since its release the DIVA model has benefited from the

inclusion of new adaptation measures, namely: port-upgrade and dike maintenance. Their

inclusion had apparently a small effect on total adaptation costs, which keep being domi-

nated by coastal protection in recent assessments (World Bank, 2010).

4See final report ”The economics of climate change adaptation in EU coastal areas” for the Directorate-
General for Maritime Affairs and Fisheries; individual country reports available at http://ec.europa.eu/
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3
Discussion of the research questions

3.1 Adaptation in economic frameworks of climate change

The first question (RQA) posed by this thesis was to ”what extent adaptation as a process

is considered in economic assessments assessments of climate change?”. The question

emerges from the overall assumption that an adequate representation of adaptation can

correct some of the long-standing and unrealistic assumptions found in economic studies

of adaptation. In order to provide an answer to RQA, a review of economic assessments

of adaptation (publication # 1) was investigated. The review focused on how authors

incorporated each adaptation phase (understanding, planning and managing) in their as-

sessments. A summary of results is presented in Tab. 3.1.

In general, economic assessments of adaptation have assumed that adequate knowl-

edge of climate change exists and thus the understanding phase of adaptation was only

considered in 4 of the 14 investigated studies. Similarly, the planning phase of adaptation

was only observed in 5 assessments. The disregard of the understanding and planning

phases is even more noticeable once the number of assessments providing cost estimates

are investigated. For example, although the planning phase is considered in 5 assessments,

only two of them provided monetary estimates for this phase. By contrast, all assessments

have provided monetary estimates for the managing phase of adaptation, with costs biased

towards the implementation sub-process (recall Fig. 1.1).

The evaluation of economic assessments was not restricted to the presence or absence

of particular phases. The concept of adaptation as a process calls for the evaluation of

dependencies between adaptation phases. In all of the assessments, the presence or the

absence of the understanding phase had no measurable effect on the subsequent phases of

the adaptation process. That is, authors assume that either adequate knowledge of climate

change exists or that the estimated costs, if available, are sufficient to move the process

towards the planning phase. The picture was different when dependencies between the

planning and managing phases are investigated. For the World Bank (2010), UNFCCC

(2007), Kirshen et al. (2000) and Neumann et al. (2011) assessments, the interaction be-
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Understanding phase Planning phase Managing phase

Presence Weak (4 assessments) Weak (5 assessments) Strong (all assessments)

Costs Weak (4 assessments) Very weak (2 assessments) Strong (all assessments)

Interactions No interaction with any
phase

Some interaction with the man-
aging phase

No interaction with the
next adaptation cycle

Examples of
cost strate-
gies

Spending of research ac-
tivities in the agricul-
tural sector (UNFCCC,
2007)

Upscaling costs of projects in
NAPAsa that enhance knowl-
edge on climate changes (Ox-
fam, 2007)

Costs of upgrading cur-
rent and constructing
future reservoirs (Ward
et al., 2010)

Annual budgets of lead-
ing climate/weather re-
search institution of de-
veloped countries (Cata-
lyst, 2009)

Additional fiscal, legal and ad-
ministrative costs for water
treatment plants (Kirshen et al.,
2000)

Costs of building protec-
tive coastal infrastruc-
ture (Neumann et al.,
2011)

aNational Adaptation Plans of Action

Table 3.1: Phases of the the adaptation process as considered in investigated economic assessments.
A total of 14 economic assessments where investigated covering different spatial scales, climate
impacts and economic sectors.

tween the phases is done via the establishment of a cost-benefit analysis of the adaptation

options. Options are subjected to a cost-benefit analysis that determines if, or to what

extent, a particular option is economically rational for each coastal-segment. If economic

rationale (i.e., the benefits outrank the costs), then the adaptation option is carried to the

managing phase. A contrasting example to the econo-centric view on adaptation planning

described beforehand is found in Ojea et al. (2009). In this case, the interaction between

the planning and managing phases of adaptation is done via an expert consultation. An

expert judgment is used to determine which of the options proposed by the analyst are

regarded as feasible. Only feasible options are carried to the managing phase phase for

subsequent valuation. The first case could be understood as a particular example of the

second, that is, taking the cost-benefit ratio as a criteria of feasibility. On the other

hand, the example highlights that that limitations for adaptation can be placed in specific

expert-knowledge which is not always known to the analyst.

Most of the economic resources calculated by the investigated assessments where found

to correspond more closely withe the managing phase. Let us keep in mind the adaptation

process is cyclic, meaning that lessons learned from the managing phase should ideally flow

into the understanding phase of the next adaptation cycle. Such detail of representation

was only found for one study of the investigated sample. Hallegatte et al. (2007) does so

in the context of adaptation to heat-stress in the metropolitan region of Paris. In brief,

adaptation options are implemented with a 2100 horizon according the expected level of
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climatic stimuli given by two climate models. By the year 2050, adaptation options are

reviewed and a decision is required e.g., keeping options unaltered, changing the adapta-

tion options while keeping the same climate model as reference, or changing the climate

model used as a reference for adaptation. Adaptation costs are then integrated during for

full time frame of investigation, taking into account costs of possible ill-adaptation due to

incorrect anticipations in the context of uncertainty.

Figure 3.1: Collection of strategies to mimic adaptation as a process in economic studies of adap-
tation to climate change

According to what was exposed, a detailed answer to RQA can be made either in a

more positive or negative tone. On the negative side, economic assessments of adaptation

have failed to consider adaptation as a process. There is limited importance given to the

monetary efforts necessary for the phases of understanding and planning. In addition,

dependencies between adaptation phases are hardly mimicked in the investigated assess-

ments. From a positive perspective, the methodological richness of the investigated studies

makes it possible to, already, narrow some of the drawbacks. Concrete strategies on how

to improve the representation of adaptation in economic assessments of climate change

are structured in Fig. 3.1 according to the phases of the adaptation process proposed in

Moser and Ekstrom (2010).

The first suggestion is to improve the consideration of costs necessary within the un-

derstanding phase of adaptation. There are several options to tackle this, for example,

financing climate monitoring and research institutions (Catalyst, 2009), increase research

spending on agriculture (UNFCCC, 2007) or extrapolate costs of local projects that en-

hance climate-related knowledge (Oxfam, 2007) (see Box 1 of Fig. 3.1). A generally over-

looked aspect in economic estimates is the risk of delays in setting up adaptation due to
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the existence of adaptation barriers such as knowledge and institutions (Grothmann and

Patt, 2005). In order to mimic potential delays happening in the understanding, typical

implementation times of knowledge-related projects of climate change could be taken as

proxies for the time required to set up the understanding phase.

Arguably, the most relevant aspect to be considered during the planning phase of

adaptation is the role play by institutions (see Box 2 of Fig. 3.1). In order to strengthen

this aspect in economic frameworks a similar approach followed by Catalyst (2009) could be

considered. The assessment proposes to transfer annual budgets of environment and flood

planning institutions of developed countries to developing countries. In order to account

for the interaction between the planning and managing phases an expert consultation to

determine feasibility constraints of adaptive measures as proposed in Ojea et al. (2009) is

suggested.

Costs for the managing phase were found to be generally available, although varying

in details across assessments (see Box 3 of Fig. 3.1). The main challenge in this phase is

to evaluate the adaptation measures proposed in regard of their potential negative effects.

In other words, some consideration should be placed in the sub-process evaluation (recall

Fig. 1.1) of the managing phase. In this respect, the advanced conceptual thinking to

contour the uncertainty of climate models suggested in Hallegatte et al. (2007) provides a

viable option for a preliminary evaluation of adaptation options.

Examples of the strategies highlighted in Fig. 3.1 have not, to my knowledge, been

incorporated in a comprehensive framework that attempts to emulate adaptation to cli-

mate change as a process. In addition, the possibilities of bringing the representation of

adaptation closer to a process emerged from an admittedly insufficient collection of case

studies. A similar or even more extensive collection could be easily gathered and new

strategies outlined. Nevertheless, even recent estimates have apparently ignored the idea

of representing adaptation as a process in their cost methodologies – see World Bank

(2010). It is therefore reasonable to conclude that researchers have been mostly worried

in populating the adaptation-costs landscape with ”ball park” figures than engaging on

an adequate representation of adaptation in their economic analysis.
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3.2 Adaptive capacity and the risks for the 2 ◦C target

The absence of dependencies between adaptation phases, or the absence of phases alto-

gether, resulted in the elaboration of economic assessments in which countries or regions

are assumed to posses all of the adequate capacities to adapt. Although it is known

that such an assumption is far from reality (Mirza, 2003), a way forward has not been

suggested. RQB was formulated to provide some septs forward by making explicit that

countries possess heterogeneous and evolving adaptive capacities. Furthermore, potential

risks to the climate system may arise from the enhancement of adaptive capacities – is

was then proposed to answer the question ”What are the risks in achieving the 2 ◦C target

if adaptive capacities are enhanced as in the past?”.

The first step in answering RQB, is to formulate an operative definition of adaptive

capacity. Due to the subjectivity of definitions, the operation of adaptive capacity and other

components was investigated in the context of vulnerability assessments of climate change.

Vulnerability emerged as a promising concept to condense complex interactions between

society and the natural environment in a measure indicative of the susceptibility to suffer

harm (Cutter, 1996). Despite the widening of the concept (from an internal risk factor to

a multidimensional analysis of socio-economic systems (Birkmann, 2006)), vulnerability

as yet to proof itself useful in enhancing the capacity of societies to deal with shocks and

stresses (Thomalla et al., 2006). Despite these drawbacks, vulnerability has become a

widely adopted term across inter-connected research fields such as natural-hazards and

climate change research (Fuessel and Klein, 2006) – see Fig. 3.2. Common in the several

formulations of vulnerability presented in Fig. 3.2 is the idea of an internal dimension

(e.g., Coping capacity, Resilience, Adaptive capacity) and an external dimension (e.g.,

Hazard, Exposure) of vulnerability – or in some cases risk. In climate change research the

internal side is occupied by the sensitivity and adaptive capacity components. Although

components constituting the internal dimension of vulnerability in climate change and

natural-hazards are slightly different in regard to their terminology (e.g., Coping capacity

vs Adaptive capacity), they all broadly refer to the ability of a system to withstand hazard

stress (Taubenböck, 2008; Birkmann, 2006).

The advantage of vulnerability assessments compared with economic assessments is

that in vulnerability studies the analyst is ”forced” to quantify adaptive capacity. Be-

cause of this vulnerability assessments expose the heterogeneity of capacities in regions,

economic sectors and even social groups. The effort of this thesis was therefore directed

to understanding how the adaptive capacity component is made operational within a vul-

nerability assessment.

Figure 3.3 structures, in a qualitative way, the components of vulnerability in four

quadrants (a,b,c and d). If a vulnerability component is assumed to be static in the as-
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Figure 3.2: Observed links between adaptation and related concepts in climate, sustainability and
risk-hazard frameworks of vulnerability.

sessment, then it is placed on the left hand-side of the figure. For example, O’Brien et al.

(2004) equates adaptive capacity of Indian states to a collection of biophysical, socioe-

conomic, and technological factors that are assumed to influence agricultural production

(e.g., soil quality, adult literacy rates or availability of irrigation). These factors are not

changed, i.e., no changes of soil quality or literacy rates are assumed. In the same as-

sessment, the exposure component is dynamic, more concretely, the ratio of precipitation

change between the control run and a doubling of CO2 scenario. Accordingly, exposure

occupies the right hand-side of Fig. 3.3. Also in Wu et al. (2002), the exposure component

is assumed to be dynamic, represented by a set of potential future scenarios of sea-level

rise. In the same assessments, proxies depicting the adaptive capacity of population are

assumed to remain unchanged.

Figure 3.3 also structures vulnerability components according to how specific or how

general the proxies are in relation to the attribute of concern. Returning to O’Brien et al.

(2004) as an example, the attribute of concern is the ecosystem service of agriculture

production. The sensitivity component reduced to a climatic dimension that specifically

affects agriculture production, in this case dryness and changes in the monsoon depen-

dence index. The author is very unclear regarding the exposure/sensitivity differentiation.

The proxies used to measure sensitivity are defined as ”sensitivity indices that take into

account exposure to climate change”. The adaptive capacity component is measured both

via specific proxies of agriculture production systems (e.g., irrigation capacity of a state)
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Figure 3.3: Qualitative analysis of vulnerability components regarding their dynamical/static as-
pect and the general/specificity to the attribute of concern.

and general indicators of the system, e.g., the degree of gender equity or communica-

tion facilities. While there as empirical evidences that monsoon levels have a quantifiable

effect on the attribute of concern (which is agricultural production in India) (Krishna Ku-

mar et al., 2004), the relation between broad socio-economic indicators and agricultural

production is not easily verified. In this sense while the proxies used for the sensitivity

component could be directly connected to the attribute of concern, adaptive capacity was

more broad in scope with indicators determined in a deductive fashion. In the small collec-

tion of studies shown in Fig. 3.3, it can be observed that the adaptive capacity component

is mostly assumed to be static while the exposure component is broadly assumed to be

dynamic in time. Furthermore, measuring adaptive capacity appears to be mostly done

via socio-economic indicators of the system that are not alway necessarily connected to

the attribute of concern. These indicators express mostly the financial, knowledge and

livelihood capacities of regions; for example: GDP (Fraser et al., 2012), total gross en-

rollment rate (Perch-Nielsen, 2010), household income (Nelson et al., 2010), literacy rates

(O’Brien et al., 2004) or population with internet access (Preston et al., 2009). A defini-

tion of adaptive capacity as operated in vulnerability assessments can now be formulated.

Adaptive capacity is equated to a combination of socio-economic proxies of the system

under analysis, mostly static and deductive in regard to their influence on the attribute

of concern. Ideally, components of vulnerability should cluster in quadrant d of Fig. 3.3.

While the biased representation of static adaptive capacity in vulnerability assessments is

not dealt with, there is in my opinion very limited information that can be extracted from

aggregating or ranking final vulnerability scores. As illustration, even advanced analysis

of vulnerability undertaken with state of the art modeling (Schröter et al., 2005) has so

far failed to impress decision makers (Patt et al., 2005).
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To account for the dynamical aspect of adaptive capacity of countries or regions, the

Human Development Index was used as a composite measure of a country’s performance

in three dimensions; knowledge, economy and health. These dimensions are in line with

the type of proxies used represent the component of adaptive capacity. It is assumed that

an increase of HDI scores generally translates into in a better capacity of countries to

resolve the process of adaptation.

Figure 3.4: Human development of countries between 2000 and 2050 and potential CO2 emissions.
Blue colors depict the point in time when developing countries (in 2000) achieve minimum adaptive
capacities (that is, HDI ≥ 0.80) by the year 2050. Orange bars represent the cumulative emissions
associated with under a Development As Usual (DAU) approach between 2000 and 2050.

A time-dependent projection of HDI (see Sec. 2.2) reveals that global HDI is expected

to rise from 0.72 (in the year 2005) to 0.78 by the year 2020. In 2050, the average global

HDI is projected to be of 0.85. Using a threshold of 0.80 HDI as the minimum adaptive

capacity level, by 2020 more population is expected to be living in countries with countries

with minimum adaptive capacities than not 1. By 2050 this percentage is projected to

increase to 85 %.

1Numbers obtained using the Millennium Ecosystem Assessment population scenarios (Alcamo et al.,
2005). Also note that a new methodology to calculate HDI was introduced in 2010, thus making the
comparison of HDI value in this thesis not straightforward with recent HDI value. In any-case, the base
indicators remain the same in the old and new methodologies.
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The spatial distribution of HDI gains is rather pronounced – see Fig. 3.4. While all

of Latin America is expected to be above the minimum adaptive capacity level by 2030,

almost the totality of Africa is projected to remain under-developed during the time frame

investigated (2000-2050). As a result, 15% of the world’s population is estimated to live in

countries with inadequate adaptive capacity for the next 40 years. Even within the same

geographical region, the individual dynamics of countries are quite distinct. In South-East

Asia, Indonesia is expected to achieve minimum adaptive capacities before the year 2020,

India is projected to require until 2040, while Cambodia fails to overcome the 0.80 HDI

mark by the end of 2050. Such pronounced differences in development dynamics (and by

extent, adaptive capacity) highlights an important constraint for economic assessments

of adaptation. If adaptive capacities of countries are heterogeneous then, the complex-

ity, capital and knowledge requirements of adaptive measures proposed have to reflect

this heterogeneity. When investigating the representation of adaptation in economic as-

sessments (see summary if Tab. 3.1) it was observed that adaptation measures proposed

where mostly infrastructural. Such measures usually comprise elevated costs (UNFCCC,

2007). In addition, their implementation needs to be properly considered in the context of

high climate uncertainty. Infrastructural developments commit capital and institutions to

trajectories that are difficult to change in the future and decrease the flexibility to respond

to unforeseen changes in climatic, environmental, economic and social conditions (Barnett

and O’Neill, 2010). Due to these risks and financial implications, robust knowledge of

climate change for a country or region (e.g., regional modeling or sectoral impact assess-

ment) as well as robust economic performance have to be available.
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Figure 3.5: Collapse of the HDI values based on logistic regression according to Eq. (2.1). HDI
values are plotted for each country by using a transformed time t∗ = t+bi

ai
so that HDI values of

all countries (open circles) fall within their spreading on the curve which is used to fit the data.
The solid line corresponds to the function dt = 1

1+e−t . The filled symbols intend to highlight some
example countries across several stages of human development as well as their past development
trajectories.
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Figure 3.5 shows the collapse of the HDI values based on logistic regression according

to Eq. 2.1. Let us assume that the necessary level of adaptive capacity corresponds to 0.80

HDI. This particular score of the HDI was found to closely match the maximum curvature

point of the logistic regression proposed and located at t = − ln(2±
√

3) and d = (3±
√

3)−1,

i.e. t ≈ 0.21 ∨ d ≈ 0.79. Accordingly, d∗ = 0.80 can be taken as an indicative value for

HDI saturation, that is a threshold value beyond which the additional gains of HDI are

very small over time. Notice how the curve in Fig. 3.5 starts to flatten for d∗ values above

0.80. To quantify the CO2 implications of enhancing adaptive capacity to adequate levels,

the past statistical relation between per-capita emissions and HDI is projected into the

future according to Costa et al. (2011). Resulting emissions are integrated from the year

2000 until 2050 as long as a country remains below the 0.80 HDI level. Under future

technological improvements, it is estimated that ≈300 Gt of CO2 between 2000−2050 will

be associated with the increase of adaptive capacities of current (year 2000) developing

countries. By comparing this amount of cumulative emissions with the estimated budgets

to achieve particular climate targets (see bottom panel of Fig. 3.4) the potential risks for

the climate system if the adaptive capacity of countries is enhanced as in the past can be

evaluated – thus providing the final entry point to answer RQB. The proposed 300 Gt of

CO2 was found to constitute about 30 % of the previously calculated CO2 budget that gives

a 75% chance of limiting global warming to a 2 ◦C increase in relation to pre-industrial

temperatures calculated in Meinshausen et al. (2009). If the adaptive measures proposed

require even greater capacities, for example a development level close to 0.90 HDI, then the

resulting emissions would be of about 600 Gt. This represents a doubling of the emissions

associated with a development level of 0.8 HDI. In this sense, emissions associated with

the enhancement of adaptive capacities would represent 60% of the cumulative budget to

limit global warming to 2 ◦C – assuming that society is willing to accept a 25% chance of

overshooting global temperatures by 2 ◦C.

3.3 Beyond current adaptation costs of sea-level rise

Although few would disagree that a better representation of adaptation would be beneficial

for economic assessments of climate change, it is not always clear how that would impact

the outcomes of current economic assessments. To answer to RQC on (”What are strategies

to go beyond the current state-of-the-art in estimating adaptation costs to sea-level rise?”),

I will start by exposing the limitations of established frameworks using the DIVA model

for the case of adaptation costs to sea-level rise.

Figure 3.6 summarizes the results obtained with DIVA for the case of adaptation costs

to sea-level rise in Europe (see Sec.2.3 for details). Colored bars represent the absolute

difference between the total costs of sea-level rise under the ADP and BAU hypothetical

futures. Total costs refer to the costs of impacts in the case of the BAU scenario and the

residual impact costs plus adaptation costs in the ADP scenario. Green bars indicate that
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Figure 3.6: Costs and benefits of adaptation by the year 2100 as calculated by DIVA. Bars represent
the absolute difference between ADP and BAU costs. Green bars indicate that the cumulative costs
of BAU are higher than the costs of ADP. On the other hand, red bars indicate that costs of BAU
are lower than the costs required for the ADP scenario.

cumulative costs of BAU exceed the ones expected following ADP during the 2000–2100

time-frame. This can be interpreted as benefits of adaptation or even better as avoided

impacts. Red bars indicate that costs for achieving a 100-year coastal protection level

(ADP future) are higher when compared with the costs of sea-level impacts only (BAU

future).

At first glance, the policy of hard coastal protection policy and the 100 year storm surge

as adaptation level appear to be economically desirable during the investigated time-frame

for most EU27 coastal countries. For countries like Spain, Lithuania and Bulgaria it ap-

pears to be indifferent – in an economic sense – to opt for adaptation or to engage with

BAU and cope with the damages of increasing sea-level rise. In these cases, costs of ADP

were found to be only marginally higher (≈0.2 % of 2007 GDP) than those of BAU. The

higher avoided impacts are expected in countries such as The Netherlands, Republic of Ire-

land and United Kingdom, with avoided costs estimated to be as high as 5 % of National

GDP’s in 2007. For countries like Estonia, the ADP scenario appears to be a poor choice

in economic terms. Costs of ADP in 2100 are estimated to surpass the costs of BAU by

about 6 % of 2007 GDP. The discrepancies of results found at country level make clear
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that it is often in a country specific setting that key adaptation constraints are placed.

For Belgium and Germany, investing 0.5 % of the 2007 GDP in protection is apparently

sufficient to achieve the 100 year protection level. This is likely to be related to the current

state and existence of coastal protection. In other countries, such as, Estonia or Spain,

investments will have to be substantial. It should also be pointed that benefits of the ADP

scenario are only possible via extreme morphological changes of the coastline, mostly via

the implementation of hard coastal protection across a large fraction of the coastline. The

ecological consequences of such policy are not fully accounted in the model.

Figure 3.7: Point in time when cumulative costs of climate impacts overcome those of adaptation.

The comparison of ADP to BAU results reflect, at most, the rationale for countries

with highly developed coastlines and a concentration of assets in low lying areas to develop

infrastructure-based adaptation options. Similarly, for the case of Estonia, protective

infrastructure to match the 100 year protection level appears to be inadequate. For the

remaining countries, the information provided by DIVA is inconclusive. In Lithuania,

Spain, Slovenia, Bulgaria, Finland and Romania, costs of up to 1% GDP in avoided

damages from adaptation or in impacts from business-as-usual does not seem to provide

a clear course of action regarding coastal policies towards against climate change. For

the remaining countries, it may be hard to advocate for measures that offset about 2% of

GDP worth in damages, specially if sea-level rise projections happen to stay lower than

the extreme scenario (A2) used in this exercise.

Adding a time dimension to the cost evolution brings a another layer of complexity

as show in Fig. 3.7. The figure shows the point in time when the cumulative costs of

adaptation ”pays off” the cumulative costs of sea-level rise damages due to inaction. In

other words, the point in time when a policy of adaptation starts to be less costly than

a policy of inaction. As expected the results for Europe as a whole (vertical dashed gray

line) is quite distinct of the results when individual countries are considered. While for

the EU27 as a whole a policy of inaction is expected to be more costly than a policy of
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adaptation beyond ≈ 2075, some countries are expected to benefit (in monetary terms)

from adaptation as early as ≈ 2040 or ≈ 2050. These are the cases of The Netherlands and

Germany respectively. For others, a policy of inaction would remain the least costly option

until ≈ 2085 (United Kingdom) and even beyond (The Kingdom of Denmark, excluding

Greenland). A more extensive investigation would certainly require the use of multiple

sea-level, as well as policy, scenarios. On the other hand, due to the physical inertia of the

oceans, an aggressive cut of greenhouse gas emissions to hold global temperature below

2 ◦C would hardly avoid sea-levels to rise by about 80cm rise by 2100 – assuming a 55%

chance of keeping the temperature target (Schaeffer et al., 2012).

Although impressive at first sight, the results from DIVA fail to deliver a more detailed

plan for action. Some will advocate that this has to do with the scale of analysis, economic

valuation specificities or the over-simplification of some processes. Others will argue that

similar modeling frameworks are not thought to support specific country-level adaptation.

The two arguments are true but in my view misleading since they divert the attention from

the crucial issue. It is known that hardly any model analyzing the economics of adaptation

on a global scale will match the spatial spatial resolution necessary for decision-making, or

that it is possible to suppress all the technical (and even ethical) problems involved with

monetization. Although these challenges are relevant, they are to this thesis considered

of minor importance while a better representation of adaptation to sea-level rise is not

available. According to the argumentation proposed in the introductory section of this

thesis, it is now time to start answering RQC – ”What are strategies to go beyond the

current state-of-the-art in estimating adaptation costs to sea-level rise?”

The starting point is to realize how narrow the set of adaptation options investigated

in economic studies of sea-level rise is (see Tab. 3.2 for a review). As consequence, the eco-

nomics of adaptation have been reduced to ”hold the line” actions such as hard protection

and land replacement (Klein et al., 2001). Accordingly, adaptation has been interpreted

as an infrastructural endeavor. This is at odds with the suggested way forward towards

successful adaptation at the coastal zones, that is, to consider adaptation as a social, po-

litical, and economic process, rather than a technical exercise (Tol et al., 2008) – which

is well in line with the main hypothesis raised in this thesis. If one assumes that the

options in Tab. 3.2 are sound and that the corresponding costs are indicative of future

financial efforts required with adaptation, then a number of interrogations have to be

raised. First, although coastal protection can be economically rational in coastlines with

robust economic performance (Neumann et al., 2010), assuming that the same options

will serve developing regions requires a deeper consideration. There is little guarantee

that some developing countries will have the necessary financial, knowledge and planning

capacities required to realize the adaptation measures proposed – particularly when it

is known that funding for climate protection competes directly with basic development
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Region Author Sea-level
(meters)

Adaptation op-
tions considered

Range of costs
(billion USD per
year)

World Anthoff et al. (2010) 0.5, 1 and 2 by
2100

Hard protection &
retreat

0.8-11 for protec-
tion & 0.1-5 for mi-
gration

World Bank (2010) 0.16 – 0.38 by
2050

Hard protection,
beach nourishment
& port upgrade

13 – 42 for all op-
tions

Europe Hinkel et al. (2010) 0.35 – 0.50 by
2100

Hard protection &
beach nourishment

1.9 – 2.2 for all op-
tion

Bosello et al. (2012) 0.10 – 0.60 by
2080

Hard protection &
beach nourishment

-0.01 – 2.3 for all
options

United States Neumann et al. (2011) 0.68 by 2100 Hard protection &
beach nourishment

0.41 for protection
& 0.11 for nourish-
ment

Africa Hinkel et al. (2012) 0.4 – 1.2 by
2100

Hard protection &
beach nourishment

*5 – *9 for all op-
tions

Pacific Asia Deke et al. (2001) 0.13 by 2100 Hard protection 3.3 for all options

Table 3.2: Costs for adaptation to sea-level rise according to several authors and geographic re-
gion. In addition, sea-level rise, time frame of impacts and adaptation options applied are given.
*Including costs to overcome the current adaptation deficit.

needs (de Bruin and Dellink, 2011). For moderate sea-level rise (0.44 to 0.53 m) up to

1.3 and 2.2 billion USD per year by 2080 are necessary for coastal protection in the de-

veloping regions of Africa and Asia respectively (Nicholls, 2002). Accounting for sea-level

trajectories in line with recent findings (see Vermeer and Rahmstorf (2010)), total costs

of adaptation increase sharply. In Sub-Sharan Africa, costs are placed at 4.8 billion USD

per year by 2040, with dike construction and dike maintenance representing around 70 %

of total investment needed for adapting to sea-level rise (World Bank, 2010). In addition,

the long-term benefits of coastal adaptation can only be achieved at the expense of high

shares of protected coastlines. For a global increase of sea-levels by 1 meter, Tol (2002)

estimates that about 80 % of the African and 93 % of the South East Asia coastlines would

require some kind of protection. The ecological implications of a coastal protection policy

leading to high fractions of coastal intervention remain unknown.

Secondly, important feedbacks between socio-economic and political aspects influencing

coastal settling decisions have to be equated. In The Netherlands, it has been hypothe-

sized that a skewed risk perception has lead to high-valued development in risky coastal

zones, possibly triggered by the current Dutch flood protection policy (Filatova et al.,

2011). A similar hypothesis has been raised in United States of America several decades
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ago and known thereafter as the ”levee2 effect” (Tobin, 1995). Quoting Tobin (1995),

”once a levee has been constructed the structure may generate a false sense of security

(...), this false sense of security can also lead to greater development (...), adding to the

property placed at risk”. Pielke (1999) goes even further by framing the premise that ”lev-

ees prevent damages” as one of the nine fallacies of flooding. Detailed scenario analysis

combining climate-change and socio-economic trends in the United Kingdom have shown

that new urban developments can be responsible for as much as a 50 % increase in future

flood risk (Dawson et al., 2011). Such evidences should not be disregarded by forthcoming

assessments of sea-level adaptation costs. With developing countries currently experienc-

ing above average coastal urbanization rates (Yin et al., 2011; Tu and Nitivattananon,

2011; Martinez et al., 2007) the highlighted inter-dependencies deserve a deep examina-

tion. Anedoctically, it is not even clear that the mainstream option for coastal protection

(recall Tab.3.2) is in line with the perception of decision-making regarding coastal adap-

tation. When confronting decision-makers with extreme and uncertain trends of sea-level

at a stakeholder workshop, a position of ”wait and see” focused on stopping further de-

velopment was preferred in a first stage rather than the option of protection (Poumadere

et al., 2008). As impressive as the modeling may be, the initial disregard of adaptation

as a process lead to the economic valuation of adaptation options that 1) require high

capital and knowledge costs that are not immediately available in developing countries, 2)

can have the counter-productive effect of raising the amount and value of assets at risk,

and 3) that decision-makers might even disregard in the context of projections uncertainty.

Recalling the process of adaptation discussed in Sec. 3.1 and Fig. 3.1, an economic anal-

ysis of adaptation to sea-level rise should be first concerned in finding an alignment between

the adaptive measures proposed and the future adaptive capacity of the region/location

in question. In addition, the expected trends regarding crucial determinants of adaptation

as well as potential negative outcomes of adaptation have to be explicit and preferably

quantified. With the word alignment it is meant that the complexity and financial dimen-

sions of adaptation option/s proposed should be in line with the current and near-future

adaptive capacity of countries/regions. In order to exemplify how such alignment could

take place in the context of adaptation to sea-level rise, let us consider the country of India

whose extensive coastline and dense coastal population make it a particular sensitive to

sea-level rise impacts (Khan et al., 2012), see Fig. 3.8. In Sec. 3.2 it has been shown that

the determinants of adaptive capacity for India are expected to remain below developed-

world standards over the next 30 years. This does not mean that adaptation to climate

change is only possible in 30 years time, but it does raise the question of which adaptation

options are feasible and even desirable in a country unable to fulfill the basic development

needs to about 30% of its population3.

2A levee, dike or embankment is an artificially constructed fill or wall which regulates water levels.
3Population below national poverty line in India in 2010. Source: United Nation statistical division,
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Figure 3.8: Map of land areas below 1 and 2 meter elevation in India. Main cities located at the
coastal areas as well as their population class are also shown.

Section 3.2 further highlighted that raising the adaptive capacity of countries is likely

to put additional pressure in the climate system. Analogously, for the case of adaptation to

sea-level rise, the potential unwelcome consequences of adaptive measures proposed have

to be investigated and if possible quantified. As reported beforehand, the option of coastal

protection contributes for the establishment of further socio-economic development that

enhance the amount of capital at risk in case of flooding. One way to account for such risk

is to investigated the dynamics of future urbanizations trends in low-lying coastlines. The

future development of urbanized area in coastal zones of transition countries is expected

to be above average when comparison with the coastal urbanization trends expected at

the OECD countries – see Fig. 3.9 for adapted results of cumulative urban area according

to CMIP5 data base on land-use transitions for the RCP6.0
4 forcing. While urbanization

in OECD countries is expected to stabilize or be rather small, the urbanization trends

at the coastline of transition countries is expected to continuously grow throughout this

century. The contrasting results on urbanization trends at the coastline call for contrasting

adoption of adaptive measures. In transition countries, considerable amounts of coastal

infrastructure are yet to be built. In this light, it is reasonable to suggest that such

countries should engage in policies that limit the amount of infrastructural developments

in low lying areas as adaptation to sea-level rise. There are cases where such limitation

would be impossible – e.g., sea ports crucial for the economic development. But there are

cases, like private housing, where limiting policies could be an alternative as opposed to

coastal protection.

available at http://unstats.un.org
4Stabilization without overshoot pathway to 6 W/m2 and stabilization after 2100
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Figure 3.9: Projected urban area to be added at the coastal zone below the 1 meter elevation mark.
Results based on land use transitions from Asian-Pacific Integrated Model (AIM) under RCP6.0

forcing.

But limiting urbanization in risk prone areas is not an adaptation option per se, but

rather a desirable outcome of an adaptation option. The straightforward way to limit the

urbanization of low lying areas is via a detailed land-use planning of coastal zones. Once

again, the regional context where adaptation is to take place has to be considered. Transi-

tion economies are characterized by an elevated degree of informality, specially regarding

urban settlements (Lall et al., 2006). Deploying and enforcing a detail land-use planning

for the coastal zones might not be realistic within the near future. A more simple strat-

egy to control urban expansion at the coastlines is to subsidize agricultural land at the

coastline. This is justified by the fact that agricultural land is usually one of the primary

sources of land for urbanization (Rounsevell et al., 2006; Pijanowski and Robinson, 2011).

As agricultural land decreases in value, urbanization tends to expand to former agricul-

tural areas (Guan et al., 2011). Furthermore, it has been empirically demonstrated that

the presence of farm subsidies lowers the expansion of urban areas. At the global level,

the presence of farm subsidies drives down the annual urban expansion rate by ≈2.4%

(Seto et al., 2011). Accordingly, policies for adaptation against sea-level rise should strive

to make agricultural land as economically attractive as possible in order to avoid its con-

version to urban-land in coastal areas. Once narrowed, the adaptive option, such as farm

subsidizing, can be evaluated for their economic dimension.

The exercise detailed beforehand is quite distinct from how adaptation is normally

considered in economic assessments of climate change. Usually the adaptive option is set

at the beginning of the analysis, probably to take advantage of already established impact

frameworks that can be modified to tackle adaptation – see also Sec.3.1. This means
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3.3. BEYOND CURRENT ADAPTATION COSTS OF SEA-LEVEL RISE

that potential negative outcomes of adaptation option proposed are not evaluated and

an alignment between those options and the adaptive capacities of the country or region

is disregarded. The approach proposed in this work starts by assessing the adaptive

capacities of the country or region and the evolution of particular determinants, in this

concrete case the urbanization trends at the coastline. Only after knowing these framing

conditions can the analyst search for adequate adaptive options and conduct the respective

economic valuation.
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4
Conclusions

Economic impacts expected from climate change prompted the evaluation of monetary ef-

forts necessary for adaptation. The general conclusion reached to date is that the benefits

of adaptation mostly outweigh its costs, although there is no agreed range. Unfortunately,

monetary frameworks determining costs of adaptation have remained heavily based on

the unrealistic assumptions of unconstrained adaptive capacity of countries and inexistent

negative outcomes of adaptation. This casts doubts on the real economic effectiveness

of adaptation in the sense that delays, barriers and negative effects of adaptation remain

largely ignored. In this thesis I argue that conceiving adaptation as a process is a desirable

step towards a sound economic assessments of climate change. By evaluating how adapta-

tion is represented in current economic assessments of climate change it was concluded that

a process-oriented view of adaptation is missing. Authors have been more keen in popu-

lation the adaptation cost landscape with ”ball park” figures than to internalize a proper

representation of adaptation in their cost methodologies. Furthermore, no attempt to syn-

thesize existing cost approaches that mimic particular aspects of the adaptation process in

a comprehensive framework is observed. Rather than building on innovative approaches

to monetize particular complicated aspects of adaptation (e.g., enhancing knowledge, in-

stitutional dimensions) authors have preferred to base their analysis on highly contested

and normative costing rules. Using the process of adaptation as a framework, several

strategies to improve the representation of the different phases of adaptation in economic

assessments are suggested.

To overcome the simplistic assumption that adaptation is unconstrained and that coun-

tries have all the adequate capacities to undergo climate adaptation, the adaptive capacity

of countries was devised as being time-dependent. In order to measure adaptive capac-

ity, vulnerability assessments were investigated for the operational characteristics of their

different components. It was observed that the adaptive capacity component of vulnera-

bility is mostly operated via proxies that reflect the knowledge, financial and livelihood

capacities of the system under analysis. These proxies are usually kept static during the

time-frame of analysis and their relation to the attribute of concern is not explicit and

rarely justified via empiricism. Using this theoretical background, the Human Develop-
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ment Index was chosen as a measure of the adaptive capacity of a country. Time delays

in achieving particular levels of development, and by extension adaptive capacity were

estimated. Analysis revealed that by 2050, 15 % of the world population will likely live

in countries with low adaptive capacity (mostly restricted to the African continent and

some South-Asia countries). Until 2050 the development of countries will likely proceed

at different speeds, posing constraints on the complexity and financial requirements of

adaptation options that countries are able to adopt.

In the context of the political – as well as scientific – target of halting global tempera-

tures to a 2 ◦C increase, potential CO2 consequences of enhancing the adaptive capacities

of countries are investigated. It was found that high per capita CO2 emission are usually

associated with high levels of HDI and, by extension, adaptive capacities. A rise in the

adaptive capacities of current developing counties to meet the complexity and financial

requirements of measures proposed in economic assessments is likely to come associated

with the release of about 300 Gt of CO2 by the year 2050. This constitutes about a third

of the allowed CO2 budget to meet the 2 ◦C target with a 75% chance. There are two ways

of avoiding such scenario. The first is to improve the efficiency of countries regarding their

CO2–HDI relation. The second is to propose adaptive measures that require low adaptive

capacities of countries. The advantage of the second option is that countries could start

their adaptation process in the short-term and avoid implementing adaptation in a more

CO2 rich world. The advantage of the first option is that lower emissions of CO2 associ-

ated with development would be expected, although time delays in achieving a particular

level of development would probably not be eliminated.

The advantages of representing adaptation as a process against the approach followed

in the established modeling framework DIVA are discussed in the context of adaptation

of coastal systems to sea-level rise. On the European scale it was found that adaptation

via the setup of extensive coastal defense infrastructure is economically rational during

the 2000–2100 time-frame when compared with the costs of inaction. On a country-level,

courses of action favoring adaptation vs inaction were more hard to identify – exceptions

are detailed. Despite the undoubted usefulness of DIVA in exploring potential scenarios of

adaptation, the limited amount of adaptation options at hand and the disregard of positive

feedbacks between coastal protection and particular socio-economic trends hinder stronger

statements on the adequacy of proposed adaptation options. Thinking of adaptation as a

process exposed the theoretical weaknesses of narrowing coastal adaptation to a technical

exercise. It allowed the reformulation of adaptation options that at are the same time 1)

in line with the different adaptive capacities of countries and 2) avoid trapping countries in

the vicious cycle of coastal protection and the increasing value of assets in risk prone areas.
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Overall, considering adaptation as a process before an economic valuation takes place

appears to be a rational suggestion. If properly consider, adaptation as a process forces the

analyst to quantify possible barriers and delays of adaptation and warns of potential pos-

itive feedbacks that increase risk (as in the case highlighted beforehand). The controversy

over cost numbers emerging from economic assessments of adaptation could be lowered

if more care is put into reflecting on the process of adaptation – which closely resem-

bling the traditional policy cycle. I conclude that full potential of economic assessments

of climate adaptation is likely to remain unlocked as long as adaptation continues to be

misrepresented and that the methodologies discussed throughout this work can alleviate

these deficiency in forthcoming assessments.
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Abstract

Although adaptation costs are assumed to inform the choice of climate policies, little atten-

tion has been paid to the details on how adaptation is represented in economic assessments

of climate change. Instead, discussions have been primary focused on the economic valu-

ation problem.

In this work the conceptualization of climate adaptation as a cyclic and stage-dependent

process (consisting of an understanding, planning and management phase) is taken as a

”yardstick” to evaluate how adaptation is represented across a sample of economic assess-

ments. Investigated assessments have largely ignored the dependencies between different

phases of the adaptation process and even phases altogether. Such was most noticeable in

the understanding and planning phases.

The methodological richness of the studies allowed to select strategies that mitigate

some of the highlighted drawbacks. We propose several approaches to bring the represen-

tation of adaptation in economic assessments of climate change closer to the representation

of adaptation as a process. For example; use typical implementation times of projects that

enhance climate knowledge as proxy for adaptation delays caused by the understanding

phase, using expert knowledge to evaluate constrains of adaptation options at the plan-

ning phase and possibility to outline a preliminary evaluation of adaptation options at the

managing phase.

Introduction

Estimates of climate adaptation costs are said to inform decision-makers on adequate levels

of investment needed (Hanemann, 2000), to evaluate optimal policy mixes of adaptation

and mitigation (Edenhofer et al., 2010) and suggested as criteria to prioritize adaptation

options (Bruin et al., 2009).

The relevance attributed to economic estimates of adaptation by researchers appears

nevertheless to be at odds with the way climate change adaptation is represented in eco-

nomic frameworks. To date, assessing climate adaptation remains heavily dependent on

the unrealistic assumptions of unconstrained adaptation capacity of countries and the op-

timal use of information by adaptation actors (Füssel, 2009). In Integrated Assessment

Models (IAMs), the representation of adaptation can be at times reduced to a control

variable (Füssel, 2010). The PAGE model allows only for a binary choice between no

adaptation or aggressive adaptation that is assumed to, for example, offset 90% of climate

impacts in OECD countries (Patt et al., 2010). On more detailed economic assessments of

farmer’s adaptation to climate change, Hanemann (2000) warns that the most productive

XV



discussion is not on the economic rationality of the actors but to evaluate if adaptation

unfolds in the specific manner as assumed by the analyst.

Despite the evidences and warning of the potential miss-representation of adaptation

in economic frameworks, most of the discussions have been set on the rigid economic as-

sumptions of assessments (Şerban Scrieciu et al., 2011). Issues such as the magnitude of

discount rates used (Nordhaus, 2007) or the implications of fat-tailed structural uncer-

tainty (Weitzman, 2011) have been recurrent in climate-cost literature (Heal, 2009).

By contrast, this review aims to evaluate how climate adaptation is currently rep-

resented in cost assessments, what are the main limitations and suggest potential im-

provements. We differ from previous reviews (see Patt et al. (2010), Füssel (2010) and

Agrawala and Fankhauser (2008)) in two ways. First, the scope is not limited to investi-

gate adaptation either in IAMs (Patt et al., 2010) or in empirical assessments (Agrawala

and Fankhauser, 2008). Both are considered and analyzed according a common frame-

work. This brings us to the second distinctive trait of the review. In order to evaluate

how adaptation is represented in economic assessments it is necessary to postulate about

the characteristics of an adequate representation of adaptation. The conceptual details of

adaptation to climate change have been extensively discussed in the literature (see Adger

(2003) and Smit (1999)). In this work we opted to make use of the conceptualization

proposed in Moser and Ekstrom (2010) as the ”yardstick” to which the representations of

adaptation in economic assessments are contrasted to. According to Moser and Ekstrom

(2010), adaptation is as a cyclic and stage-dependent process that consists of three broad

phases: understanding, planning and managing. The choice for this particular conceptu-

alization is justified by the potential it entails to correct some of the drawbacks lingering

in economic assessments of adaptation. We provide two examples.

If adaptation is a stage-dependent process, then the implementation of a given adap-

tation option is conditional to the occurrence of the a priori phases of understanding and

planning. By considering the dependencies between phases and sub-processes of adapta-

tion the analyst is forced to account for possible adaptation barriers (e.g. institutional

settings or knowledge gaps) that are frequently cited in adaptation literature (Grothmann

and Patt, 2005) but conveniently absent from cost estimates. Case studies focusing on

the agricultural sector (Deressa et al., 2009; Sowers et al., 2010; Yang et al., 2007) have

highlighted that institutional settings of a country and lack of farmer’s knowledge are often

the main constrains to climate adaptation. To partially overcome such barriers adapta-

tion will probably emerge as a delayed reaction (Burton and Lim, 2005). Using the FUND

model framework, the expected loss in global welfare due to adaptation delays by 30 years

is reported to be only outranked by the case when adaptation is infective with raising

temperatures (de Bruin and Dellink, 2011).

If adaptation is a cyclic process, then the lessons learned should be carried into the next

XVI



adaptation cycle. Disregarding this increases the chances of maladaptation (Barnett and

O’Neill, 2010) that either ”lock” countries in costly adaptation paths (Hallegatte et al.,

2007) or result in doubtful risk reduction policies. In the Netherlands, it has been hypoth-

esized that a skewed risk perception produces high-valued development in risky coastal

zones, triggered by the current Dutch flood protection policy (Filatova et al., 2011). It

is therefore advisable that economic assessments do not restrict themselves in evaluating

the costs of implementing particular adaptation policies, but also to engage on a critical

evaluation of the potential negative outcomes that the adaptive measures proposed can

imply.

This manuscript unfolds as follows. In section Material and Methods the investigated

sample of assessments is presented and structured. Further, the section elaborates on how

the representation of adaptation in cost assessments is evaluated. Section Results first

describes to what extent some assessments are mutually dependent on critical assumptions

and how this is illustrative of ongoing miss-representations of adaptation. Secondly, the

main results of our evaluation are presented, braked down by adaptation phase. Finally,

section Conclusions and Discussion outlines lines of action to improve the representation

of climate change adaptation in economic frameworks.

Material and Methods

In total, 14 assessments that provide monetary estimates of adaptation costs to climate

change are investigated. Although not extensive, the sample encompasses a broad thematic

and spatial coverage. It includes examples of global aggregated assessments (e.g. Parry

et al. (2009)), sectoral costs of adaptation (e.g. Neumann et al. (2011)), regional and

country level estimates (e.g. Larsen et al. (2008), Ojea et al. (2009)), and urban-scale cases

of adaptation costs (e.g. Hallegatte et al. (2007), Kirshen et al. (2004)). The complete

list of assessments, their methodological classification, sectoral and geographic scope of

analysis is presented in in Tab. 1.

The two main categories of assessments investigating adaptation costs are represented,

these are: assessments that make use of Integrated Assessment Models (IAM’s) and as-

sessments that investigate the Investment and assessments that estimate the Investment

and Financial Flows (IFF) for adaptation de Bruin et al. (2009b). A description of the

two categories, their advantages and disadvantages is briefly made.

Integrated Assessment Models

Although IAM’s were primary developed to inform on the benefits of mitigation (Fis-

cher et al., 2007), substantial efforts were made to incorporate the adaptation dimension

(Füssel, 2010). In IAM’s adaptation is typically understood as any action aimed at reduc-
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ing adverse impacts or exploiting the benefits of climate change. Due to their probabilistic

nature, IAM’s are useful tools to preform uncertainty analysis Parry et al. (2009) – a

feature much appreciated in a policy context (Patt et al., 2005). Because adaptation is

applied in an optimally during each time step, the decision to adapt will not compete

for funds with mitigation policies. This way of modeling is certainly debatable (de Bruin

et al., 2009a), specially since it is known that in the policy arena the choice for funding

adaptation and mitigation in not independent (Smit and Wandel, 2006).

Investment and Financial Flows (IFF)

In Investment and Financial Flows (IFFs) assessments, adaptation takes the form of the

establishment of an investment (defined as the initial capital spending for a physical asset)

or the reinforcement of an existing financial flow. We subdivide IFF studies into three sub-

categories.

In the first sub-category adaptation costs are mostly reliant on Educated Guesses from

experts (IFF-EG in Tab. 1). UNDP (2007) determines adaptation costs by assuming that

these constitute about 0.1% of developed countries total GDP. Economic estimates are

particularly sensitive to the quality of the guess. The method can be nevertheless useful

for estimating first-order adaptation costs in cases where economic valuation is hard to

operate – e.g., adapting biodiversity (James et al., 2001).

The second sub-category outlines a Bottom-up Extrapolation of adaptation costs by us-

ing specific collections of climate-related projects, often at the local level (IFF-BE in Tab

.1). The extrapolation is done via an independent variable like land-area or population

(Oxfam, 2007). Arguably the main limitations of this strategy are the lack of a consistent

spatial coverage of climate-related projects and the sensitivity of estimates to the indepen-

dent variable used. On the positive side one should not overlook that economic estimates

of are based on official numbers of climate-related projects (Agrawala and Fankhauser,

2008).

The third sub-category investigates adaptation costs by operating a Top-down Quan-

titative Analysis (IFF-TQA in Tab. 1), often associated with bio-physical modeling of

impacts. What better characterizes this approach is the formulation of uniform cost rules

to estimate adaptation efforts. The advantage is that cost-differences across regions should,

in principle, reflect different conditions and needs. As a disadvantage, site-specific con-

straints tend to be disregarded.

Methods

The extent to which the three phases of the adaptation process (see top of Tab. 1) are

represented in economic assessments was evaluated as follows.

For each assessment two questions are asked; (1) can costs with a particular adapta-

tion phase be discerned? and (2) are there dependencies between phases of adaptation?
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If monetary estimates for a particular adaptation phase are observable, then a $ sign is

attributed in Tab. 1. As to the dependency between adaptation phases, these can be of

several nature, e.g. selection of appropriate options from the planning to the managing

phase or a delay in the planning phase due to lacks of knowledge. If these dependencies

are present a • sign is given to the corresponding phase. We highlight that the evaluation

is only a qualitative one and carries therefore all the associated advantages and disadvan-

tages. In order to make the approach the more transparent as possible let us proceed with

some examples of the work undertaken.

Let us consider the case of Oxfam (2007) (see Tab. 1). The assessment provides

monetary estimates of adaptation for the developing world according to a bottom-up

extrapolation of project costs (IFF-BE in Tab. 1, recall also section Investments and Fi-

nancial Flows). The monetization of options that could be related with the understanding

phase where: (i) the development of meteorological early-warning system in Samoa or (ii)

improve improve climate monitoring in Malawi. Furthermore, the existence or absence

of these options had no discernible effect on the subsequent phases of adaptation. This

implies that adaptation options like raising the foundations of houses (used as a project

representing the scaling up NGO initiatives) can take place with or without setting up

a climate monitoring system. Accordingly, the understanding phase in Oxfam (2007) is

coded with a $ sign.

In World Bank (2010) (Cos), the planning phase was mimicked by imposing restrictions

to the extent adaptation options are implemented during the managing phase via the

elaboration of a costs-benefit analysis. The analysis determines which options (e.g., dike

construction or land nourishment) and to what extent they should be implemented in

regard to the expected rise of sea-level. A dependency between planning and managing

phases is therefore acknowledged. No specific monetary value of this phase is provided and

according to our methodology only a • sign is attributed. By, contrast, monetary estimates

with the the managing where available in the same assessment (e.g., dike construction),

but no dependencies with other phases of the adaptation process observed. Accordingly,

the managing phase is coded with a $ sign.

Results

Shared assumptions in adaptation cost assessments

Figure 1 compares cost numbers in global and developing-world assessments. The purpose

here is to illustrate to what extent economic assessments have been relying on common

assumptions and how this is indicative of the ongoing miss-representations of adapta-

tion. The arrows depict from and to which assessment the cost assumptions are car-

ried/modified.

The first evidence is the stark influence of World Bank (2006)(DC) assessment on
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Figure 1:Upper and lower bounds of adaptation cost (in Billions USD per year) for Developing
Countries (DC) and Globally (G) as estimated in selected assessments. Costs from Catalyst (2009)
were converted from EUR to USD using a 0.79 conversion rate. In Oxfam (2007), the 50 Billion
mark is to be regarded a ”lower bound”. Arrows indicate the common adoption of cost assumptions
across studies.

subsequent cost literature of climate change adaptation, either via a direct integration or

modification of the original cost rules. In detail, World Bank (2006)(DC) assumes that 40%

of Official Development Assistance (ODA) is climate sensitive and suggests that between

10 to 20% of the financial exposure is necessary to ”climate proof investments”. Stern

(2006b)(DC) updates the climate sensitive shares to be between 40 and 20%, suggesting

that adaptation would cost between 5 and 20% of the financial exposure (link a). UNDP

(2007)(DC) moves the share of climate sensitive investments of World Bank (2006) from

40% to 17-33% range (b), while directly lending the Stern (2006b)(DC) shares on adapta-

tion costs (b2). The lower-bound estimates in World Bank (2006)(DC) is the starting point

for the Oxfam (2007)(DC) assessment. To the 40 billion USD suggested in World Bank

(2006)(DC) Oxfam (2007)(DC) adds adaptation costs of community based initiatives to

climate-proof existing stocks of natural and physical capital (c). As net result, ”at least

50 billion USD per year” are required for climate change adaptation.

In some cases the connections between assessments are rather intricate. Catalyst

(2009)(DC) proposes that between 16 and 43 billion USD per year are required for adap-

tation in developing countries. This is close to the amount suggested by UNFCCC

(2007)(DC) and Stern (2006b)(DC). Such agreement can be partially explained by the

fact that adaptation costs from UNFCCC (2007)(DC) are used to calculate the climate-

resilient development component (≈ 40 to 60% of total costs) in Catalyst (2009) (d). In

turn, costs of adapting infrastructure in UNFCCC (2007)(DC) (≈ 70% of total costs) are

derived with the investment shares proposed in World Bank (2006)(DC) (e).

Other dependencies include: UNFCCC (2007)(G) and The World Bank (2010)(DC)

making use of the same modeling approach (Hinkel et al., 2010) for coastal zone adap-

tation (g), differing on the inclusion of dike maintenance, upgrading sea-ports and storm

intensity (The World Bank, 2010)(DC). Finally, Parry et al. (2009)(G) broadly takes the
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assumptions of adaptation efficiency in Stern (2006b)(DC) (f ). In this case cost numbers

should be interpreted as avoided damages.

The widespread use of common cost rules makes robustness of results difficult to eval-

uate – as noted in Agrawala and Fankhauser (2008). In some cases economic estimates of

adaptation have been based on fractions of investment primary thought for a development

rather than climate change context. This is evident for the case of assumptions adopted

in World Bank (2006) that have propagated throughout the literature. Cost were targeted

at informing on ”incremental costs of activities to make projects (in this case development

projects) more resilient to climate effects”. This is indicative of the minor importance

given to the representation of adaptation in cost exercises.

Adaptation phases as represented in investigated assessments

The results of applying the approach outlined in the Methods section to the assessments

in Tab. 1 are now presented by adaptation phase.

The understanding phase

The investigated assessments have in general assumed that adequate knowledge on climate

change exists and as consequence spending on the understanding phase of adaptation was

broadly disregarded. Such was particularly evident in case-studies conducting National

and Sub-national analysis (see Tab. 1). The spatial scale and the fact that assessments

in this group belong mostly to developed countries can partially explain this absence.

By contrast, the understanding phase of adaptation was mostly monetized in global and

developing countries assessments of climate adaptation.

Strategies for monetizing the understanding phase ranged from enhancing current

knowledge on climate change via the financing of research activities (UNFCCC, 2007;

World Bank, 2010) (Agr); an analogous allocation to developing countries of annual bud-

gets of research and weather forecasting institutions in developed countries (Catalyst,

2009); or the financing of concrete projects for climate monitoring (Oxfam, 2007). All in-

vestigated assessments neglect the implications of the understanding phase in subsequent

phases of the adaptation process.

The planning phase

Cost estimates connected with the planning phase were found to be scarce but not com-

pletely absent. For example, Catalyst (2009) proposes to evaluate the annual spending

of national environmental agencies responsible for flood planning while Kirshen et al.

(2004)(Wat) accounts for additional fiscal, legal and administrative costs of water treat-
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Global/Developing world Study type

World Bank (2006) IFF-EG $
UNDP (2007) IFF-EG/TQA $
Oxfam (2007) IFF-BE $ $
Catalyst (2009) IFF-BE/EG $ $ $
de Bruin et al. (2009a) IAM $
Parry et al. (2009) IAM

Sectoral/Global

UNFCCC (2007) Agr. IFF-EG $ $
World Bank (2010) Agr. IFF-TQA $ $
World Bank (2010) Inf. IFF-TQA $
World Bank (2010) Cos. IFF-TQA • $
Ward et al. (2010) Wat. IFF-TQA $

National/Sub-national

Kirshen et al. (2004) Cos. IFF-TQA $
Kirshen et al. (2004) Wat. IFF-TQA $ $
Hallegatte et al. (2007) Hth. IFF-TQA/EG $ •
Larsen et al. (2008) Inf. IFF-TQA $
Ojea et al. (2009) Eco. IFF-TQA • $
Neumann et al. (2011) Cos. IFF-TQA $

Table 1:Phases of the adaptation process as considered in investigated assessments. IAM - In-
tegrated Assessment Model, IFF - Investment and Financial Flows, EG - Expert Guess, BE -
Bottom-up Extrapolation of costs, TQA - Top-down Quantitative Analysis, Agr - Agricultural
sector, Cos - Coastal sector, Eco - Ecosystems sector, Hth - Health, Inf - Infrastructure Sector,
Wat - Water sector. $ - Estimates available, • - Influenced subsequent phases.
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ment plants. In only two of the assessments had the planning phase a discernible outcome

on the managing phase of the adaptation process. For example in case of Ojea et al.

(2009)(Eco) only the adaptation options considered as ”feasible” by expert judgment were

carried to the managing phase. In case of World Bank (2010)(Cos) adaptation options

were subjected to a cost-benefit analysis regarding their costs and foreseeable benefits.

Only economically-rational options are carried on to the managing phase.

Managing phase

Most of the economic quantification of the adaptation process was found under the man-

aging phase. The most problematic aspect found was the near-complete disregard of the

implication the managing phase has in the subsequent adaptation cycle. Although the

extent and nature of future adaptation actions depend on factors that cannot be fully

anticipated – such as model uncertainty – our analysis revealed that a preliminary evalu-

ation of adaptation options is feasible. Hallegatte et al. (2007) does so in the context of

adaptation to heat-stress in the metropolitan region of Paris. In brief, adaptation options

are implemented with a 2100 horizon according the expected level of climatic stimuli given

by two climate models. By the year 2050, adaptation options are reviewed and a decision

is required e.g., keeping options unaltered, changing the adaptation options while keeping

the same climate model as reference, or changing the climate model used as a reference for

adaptation. Adaptation costs are then integrated during the full time frame of investiga-

tion, taking into account the costs of possible ill-adaptation due to incorrect anticipations

in the context of uncertainty.

Conclusions

In this work the representation of adaptation in cost assessments of climate change is

contrasted with with the conceptualization of adaptation as a process. Substantial discon-

nections between phases of adaptation in all investigated assessments where found. For

example, the presence or absence of investments in improving the knowledge on climate

change bared no consequences for the remaining process of adaptation. The planning of

adaptation was found to be largely disregarded, both in terms of potential costs or as

setting the requirements or constraints for the managing phase. There are nevertheless

exceptions where a connection between these two phases is observed. Although most of

the economic valuation toke place in the managing phase, only one assessment proposes a

credible strategy to evaluate the implications of adaptation options.

Taking advantage of the methodological richness in the investigated assessments, we

identify and propose a number of strategies to mitigate the deficiencies described forehand.

Figure 2 summarizes our findings.
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Figure 2: Suggested strategies to improve the representation of adaptation is cost assessments of
climate change by following the concept of adaptation as a process.

The first recommendation is better consider the costs necessary with the understand-

ing phase of adaptation (see box 1). There are several options to tackle this, for example,

financing climate monitoring and research institutions (Catalyst, 2009), increase research

spending on agriculture (UNFCCC, 2007) or extrapolate costs of local projects that en-

hance climate-related knowledge (Oxfam, 2007). We find the approach in (Oxfam, 2007)

to be particularly interesting and propose some changes in order to mimic the dependency

between the understanding and planning phases (see box d1).

Oxfam (2007) focused on extrapolating monetary costs of projects found in NAPAs.

We believe that the heterogeneous coverage and doubtful consistency of numbers hinders

a robust scaling exercise. In this sense, the focus could be changed to investigate typical

implementation times of knowledge-related projects of climate change as the time required

to set up the understanding phase. Such a estimate would indicate potential delays of

engaging on the subsequent phases of adaptation. We assume implicitly that information

of implementation times are more robust across project descriptions than costs.

Within the planning phase, the important role played by institutions should be strength-

ened (see box 2), as highlighted in Catalyst (2009). The assessment proposes to transfer

annual budgets of environment and flood planning institutions of developed countries to

developing countries. In addition to this phase, there could be additional planning and

legal requirements involved in adaptive measures as underlined for the water sector in

Kirshen et al. (2004). In order to strengthen the dependency between the planning and

the managing phase, we suggest that expert-judgment to determine the constraints of
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adaptive measures similar to Ojea et al. (2009) is used (see d2). It is important that

while choosing the adaptation measures these are in line with the overall knowledge and

planning capacities considered in 1 and 2.

Within the managing phase we advise against using expert-judgment or cost-benefits

analysis to determine the necessary level of adaptation. The first because they are largely

independent of climate change, the second because there are so far no evidences that cost-

benefit analysis influence the decision to finance or not particular projects, with guardrails

being preferred instead (IEG, 2010b) (see box 3). Most importantly, the sub-process evalu-

ation of the managing phase should be regarded as mandatory in any economic assessment

of adaptation (see d3). Although this is a challenging step in assessments that are mostly

prospective and filled with assumptions, our review shows that a preliminary evaluation of

adaptation is possible. In this respect the approach followed in Hallegatte et al. (2007) on

how to avoid the lock-in on expensive adaptation paths could be envisioned as a framework.

It seems apparent from the disregard in representing adaptation that authors have been

primarily interested in populating the discussion with ”ball park” cost figures, rather than

detailing how adaptation to climate change unfolds in society. The common adoption

of simplistic cost-rules and disregard of the methodological richness of adaptation cost

assessments are indicative of this. By reviewing only a small sample of studies it was

possible to identify a number of strategies that improve the representation of adaptation

economic assessments.
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Abstract Clarification on what is meant by ‘vulnerabil-

ity’ continues as an unresolved problem in a world of inter-

connected research fields dealing with natural hazards and

of policy-makers eager for vulnerability assessments that

will help in steering their decisions. This paper investigates

the theoretical definitions of vulnerability components in

risk-hazard and climate-change frameworks and the

description of these components as operated in vulnera-

bility assessments at the case-study level. The results point

to a lower level of heterogeneity in vulnerability interpre-

tations at the case-study level when compared to the

semantically rich descriptions of vulnerability components

in conceptual frameworks. Despite differences in defini-

tions, vulnerability components such as hazard and expo-

sure, capacities and adaptation, susceptibility and

sensitivity, or susceptibility and vulnerability were made

operational by the use of similar indicators and method-

ologies between and within the communities investigated.

In order to attain a better understanding of the interdisci-

plinary use of the term ‘vulnerability’, the comparison of

methodologies to assess vulnerability components at the

case-study level seems essential.

Keywords Vulnerability assessment � Climate change �
Risk hazard

Introduction

The term ‘vulnerability’ has been related or equated to

concepts such as resilience, marginality, susceptibility,

adaptability, fragility, risk, exposure, sensitivity, coping

capacity and criticality (Fuessel and Klein 2006). Although

clarification on vulnerability has been repeatedly pointed

out as a research need across scientific disciplines (Janssen

and Ostrom 2006), the clearest preliminary conclusion

reached to date is that there is much confusion (Ionescu

et al. 2009).

With vulnerability being a central aspect on a variety of

interconnected research fields like food security (Bohle

2001), poverty and livelihoods (Prowse 2003), climate

change (Downing et al. 2000) and an extension of tradi-

tional risk-hazard analysis (Wisner et al. 2003), a better

understanding of the term is deemed fundamental to

improve interdisciplinary research on vulnerability (Inter-

governmental Panel on Climate Change [IPCC] 2007;

Romieu et al. 2010). In addition, the increasing usage of

vulnerability assessments as tools supporting policy-mak-

ing (de la Vega-Leinert et al. 2008) has introduced a new

layer of confusion surrounding the term. While scientists

make use of the concept of vulnerability to understand the

general principles of a system (e.g. its driving forces, state

variables) and what can be learned in general from

observed situations (Polsky et al. 2007), stakeholders

expect vulnerability studies to deliver concrete solutions on

how to cope with specific threats (Patt et al. 2005). The

challenge of clarifying vulnerability, therefore, goes

beyond the discussions between scholars.

Regarding the vulnerability of societies and environ-

ments to natural hazards, both risk-hazard and climate-

change communities have addressed differences—as well

as similarities—of vulnerability at the conceptual level.
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The approaches ranged from exhaustive collections of

definitions regarding vulnerability and related terms

(Thywissen 2006), mathematical formalisation of vulner-

ability concepts (Ionescu et al. 2009) and comparative

analysis of several vulnerability models (Hufschmidt

2011). Despite the progress observed, the core source of

misunderstanding regarding vulnerability persists, which

is that vulnerability is defined by terms that are, them-

selves, imprecise in meaning (Hinkel 2008). This impre-

cision leads to vulnerability definitions and frameworks

that are mostly useful for setting the scope of vulnera-

bility assessments (Hinkel 2011), while the practical

implementation of measuring vulnerability remains deeply

tied to specific research, social and environmental con-

texts (Brooks 2003). In this sense, there is the need to

move from the comparison of vulnerability definitions to

more detailed descriptions on how vulnerability is mea-

sured at the case-study level. The way a researcher

interprets vulnerability can be most precisely seen through

case studies when vulnerability-measurement methods are

described (Wolf et al. 2008). During the elaboration of a

case study, the subjective definition of vulnerability and

related components acquire a tangible dimension, for

example, an indicator, the output of a model or the

product of a statistical analysis. Efforts to bridge varying

concepts of vulnerability have underlined that only

through clear descriptions of vulnerability and vulnera-

bility components can mutual understanding between

disciplines and schools of thought be achieved (Fuchs

et al. 2011).

In order to move from the subjectivity of semantic

definitions, we propose to contrast a set of theoretical

formulations of vulnerability components used in climate-

change and risk-hazard communities with the correspond-

ing description of measurement methods found at the case-

study level.

Scope and material

The work carried out in this paper unfolds in two broad

steps. The first step is to construct a theoretical back-

ground of commonalities in vulnerability components

within and between the communities investigated. We do

not intend to make here an in-depth analysis of the use of

vulnerability and related concepts across different schools

of thought. Instead, we aim at identifying the main sim-

ilarities and differences between approaches to vulnera-

bility in the risk-hazard and climate-change communities.

For this purpose, we have collected commonly used

conceptualizations of vulnerability and risk using work by

Birkmann (2006), Brooks (2003) and Wisner et al. (2003)

as reference. The components used to define vulnerability

and risk were then structured according to their posi-

tioning in the internal or external sides of vulnerability or

risk. Briefly, the external dimension of vulnerability

reflects the exposure of a system to shocks from external

stressors (Bohle 2001), threats (van Dillen 2004) or cli-

mate variation (Fuessel and Klein 2006), while the

internal dimension underlies the capacity of the system to

anticipate, cope with and recover from an impact (Birk-

mann 2006). Components were subsequently linked

within and between communities in respect to the simi-

larities found. Figure 1 shows an overview diagram of

commonalities found between the components used to

define vulnerability and risk.

The second step deals with identifying how vulnerability

and vulnerability components are evaluated in the context

of a practical assessment. For this purpose, a collection of

risk-hazard and climate-change vulnerability studies was

gathered. For each case study measuring vulnerability, we

have identified: (a) the system that will be the focus of the

vulnerability study (e.g. economic sector, geographic

space, ecosystem), (b) the perturbation or stress that acts

upon (or originates from) the system under analysis, and

(c) the main valuated characteristic of the system threa-

tened directly or indirectly by the perturbation or stress

(e.g. human lives, biodiversity, economy). The correct

description of these criteria is seen as a fundamental

starting point in order to avoid confusion on vulnerability

(Fuessel 2007). The qualified descriptions of vulnerability

for the case studies investigated here can be found in

Table 1.

From the methodological description of vulnerability,

we have identified the indicators and analysis used in the

quantitative/qualitative estimates of vulnerability and risk

components. This allows us to assess how far the employed

methodologies are from the theoretical definitions of vul-

nerability (Hinkel 2008), thus, revealing a clearer under-

standing of the vulnerability components by the author. As

an example, we proceed with a description of the work

undertaken for one case study.

Menoni et al. (2002) assessed the systemic vulnera-

bility of lifelines to earthquakes in Regione Lombardia,

Italy. The methodology was applied to three spatial

regions in Regione Lombardia that are said to be homo-

geneous in regard to their geographic and urban features.

The aim of the assessment was to evaluate the lifeline

(e.g. water and energy systems) performance—measured

as damage or failure—in the eventuality of an earthquake.

Vulnerability scores are derived by weighting multiple

indicators that address current functional, organisational

and physical characteristics of lifelines (e.g. power sys-

tems). Vulnerability scores are obtained for the
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emergency, recovery and reconstruction phases. In Me-

noni et al. (2002), the magnitude of a possible earthquake

is not considered in assessing the final vulnerability score.

Vulnerability as interpreted by Menoni et al. (2002) is

independent of the magnitude of the perturbation (earth-

quake) and restricted to the present functional,

Fig. 1 Links of concepts and interpretations between vulnerability and vulnerability components in a risk-hazard and climate-change context

(color figure online)

Table 1 Qualified descriptions of vulnerability found in the investigated case studies in a risk-hazard (a) and climate change (b) context. The

valued characteristic of the assessment, the perturbation or stress acting upon the system of interest and the system itself are shown (see also the

text in the Scope and material section)

Author Valued characteristic Perturbation/stress System

(a) Risk-hazard context

Andreo et al. (2006) Ground water Pollutant Aquifer

Menoni et al. (2002) Lifelines Earthquake Regione Lombardia

Kaynia et al. (2008) People and structures Landslide Village of Lichtenstein

Rashed and Weeks (2003) Urban damages Earthquake LA county

Totschnig et al. (2011) Structures Landslides Several test sites in Alpine regions

Granger (2003) Structures and persons Storm tide inundation City of Cairns

Fekete et al. (2010) Environment and

society

Flooding Sub-national divisions of Germany

(b) Climate-change context

Hahn et al. (2009) Livelihoods Climate change and climate

variability

Districts of Mozambique

Brenkert and Malone

(2005)

Society Climate change Indian states

O’Brien et al. (2004) Agricultural sector Climate change and globalization India

Schröter et al. (2005) Ecosystem services Climate change European sectors relying on ecosystem

services

Patt et al. (2010) People Climate-related disasters Mozambique and least developed countries
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organisational and physical characteristics of lifelines in

Regione Lombardia. A similar procedure was made for

the complete collection of case studies. The

commonalities between vulnerability components as

described in the investigated case studies are shown in

Fig. 2.

Fig. 2 Links between vulnerability components as described in the methodology of the investigated case studies (color figure online)
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Vulnerability and risk concepts investigated

Risk-hazard context

The investigated definitions of vulnerability in the risk-

hazard and climate-change contexts are shown in Fig. 1. In

a risk-hazard perspective, the conceptualisations of vul-

nerability were gathered in order to reflect different

dimensions of vulnerability, such as built environment or

social and human ecology (top left side of Fig. 1).

Vulnerability focusing on the built environment was

found to be defined by components such as ‘intensity’ and

‘susceptibility’. Intensity represents the external side of

vulnerability and is defined as the impact on an element at

risk (Totschnig et al. 2011). Susceptibility is said to be the

inherent capacity of the elements to preserve their physical

integrity and functionality (Kaynia et al. 2008) and it

characterises the internal side of vulnerability.

When the focus of vulnerability is the social system,

vulnerability highlights mainly the socio-cultural and

economic processes that determine the ability of societies

and individuals to cope with and respond to disasters

(Cutter 1996). The prominent example of Watts and Bohle

(1993) and Bohle (2001) defines vulnerability as the

interaction between the components ‘exposure’ and ‘cop-

ing capacity’. Exposure denotes the external side of vul-

nerability and refers to shocks and stresses that individuals

or households are subjected to. The internal dimension,

coping capacity, is defined as the manner in which people

access and control assets of different nature, manage crisis

situations or act as a result of societal or economic con-

straints (Bohle 2001).

Contrary to the technical view on vulnerability, the

evaluation of social vulnerability directs its efforts to the

underlying factors reducing the capacity of the human

system to cope with a range of hazards, rather than the

negative impacts following the occurrence of a hazard.

Exposure seems, therefore, to originate from the social

system itself, rather than being external to the system. In a

social context, exposure is influenced by population

dynamics, capacities to manage the environment, the

incapacity to obtain assets via legitimate economic means

and social inequalities (Villagrán de León 2006).

When the focus of vulnerability is broadened to a

human-ecology perspective, it is usually defined by the

interaction between the elements exposure, susceptibility

and coping capacity. In Fig. 1, we depict the formulation of

vulnerability according to White et al. (2005) and Scheuer

et al. (2011). Exposure is placed on the external side of

vulnerability and is described as the frequency and severity

of weather-related disasters (Scheuer et al. 2011). On the

internal side, susceptibility is said to be the social, eco-

nomic, political, psychological and environmental

variables that intervene in producing different impacts

amongst people with similar levels of exposure. Finally,

coping capacity represents the attributes of livelihoods or

economic systems which enable losses to be absorbed

(White et al. 2005).

In a risk-hazard context, vulnerability is also used as a

component defining risk (bottom left side of Fig. 1). In this

case, vulnerability moves to the internal side of risk—

either alone or in combination with components such as

exposure or capacity measures. For example, the United

Nations Development Programme (UNDP) defines risk as

the product between ‘hazard’ and ‘vulnerability’. Hazard is

a potentially damaging physical event, phenomenon or

human activity, while vulnerability is the physical, social,

economic and environmental factors or processes which

increase the susceptibility of a community to the impact of

hazards (UNDP 2004). The risk triangle conceptualisation

by Crichton (1999) adds the component exposure to the

internal side of risk, vaguely defined as people and assets

exposed to hazards. Other variations of the risk concept

include components like capacity measures (Davidson

1997) or deficiencies in preparedness (Villagrán de León

2001). In all risk frameworks considered, hazard represents

the external side of risk and was broadly defined as a

function of probability, predictability, extent and intensity

of the impact (Alwang et al. 2001).

Climate and global-change context

In a climate and global-change perspective (right side of

Fig. 1), two conceptualisations of vulnerability have

emerged as prominent: Turner et al. (2003) and the one in

use by the IPCC. Both conceptualisations frame vulnera-

bility as a function of ‘exposure’ and ‘sensitivity’. The

main difference lies in the formulation of a third compo-

nent, ‘resilience’ in the case of Turner et al. (2003) and

‘adaptive capacity’ in the case of the IPCC (2007).

Resilience is defined as the ability of a system to bounce

back to a reference state after a disturbance and also as the

capacity of a system to maintain certain structures and

functions (Turner et al. 2003). The IPCC (2007) defines

adaptive capacity as the ability of a system to adjust to cli-

mate change by moderating the potential damages, take

advantage of opportunities and cope with the consequences.

Exposure is a common element defining vulnerability in

the IPCC (2007) and Turner et al. (2003) frameworks. Also

common is the vagueness of its definition. For example, the

IPCC (2007) defines exposure as the nature and degree to

which a system is exposed to significant climatic varia-

tions. Turner et al. (2003) proceed in a similar way,

framing exposure as the interaction between system com-

ponents and stressor characteristics. This is a classic

example of where a definition calls for further clarification.
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What the authors understand by nature, degree or interac-

tion remains unclear.

Linking definitions of vulnerability and risk

components

Exposure, hazard and intensity

In a risk-hazard context, the term exposure was found to be

represent both the internal side of risk and the external side

of vulnerability. Exposure as a component of vulnerability

addresses not only the extent to which a system is subjected

to perturbation, but also the degree and duration of that

perturbation (Adger 2006). When exposure is a component

of risk, it addresses the inventory of people and artefacts

exposed to a hazard (UNDP 2004; Crichton 1999). In his

risk framework, Villagrán de León (2001) avoids using

explicitly the term exposure, subsuming it under the defi-

nition of vulnerability (Birkmann 2006). No strong links

between exposure as a component of risk and exposure as a

component of vulnerability are, therefore, established.

There seems to be, nevertheless, a link between exposure

and intensity (components of vulnerability in human

environment and technical dimensions) and hazard as a

component of risk (see Link#1 in Fig. 1). The intensity,

probability and locational aspects defining hazard (as in the

UNDP 2004) can be subsumed under the definition of

exposure in White et al. (2005), that is, the frequency and

severity of disasters. Similarly, Totschnig et al. (2011)

explicitly use the component ‘intensity’ to classify the size

of hazard. It is apparent that Link#1 could be broadened to

exposure as a component of vulnerability in global and

climate change research. Because the term exposure is not

conveniently defined by Turner et al. (2003) or the IPCC

(2007), we have avoided establishing any connection at this

point.

Sensitivity, susceptibility and vulnerability

As seen before, the component sensitivity is common in the

climate and global-change descriptions of vulnerability.

The term appears to be linked, to some extent, with sus-

ceptibility as defined by White et al. (2005) (see Link#2 in

Fig. 1). Susceptibility is defined as the socio-economic and

physical characteristics of a system that differentiate the

magnitude of impacts for a given exposure. In Turner et al.

(2003), sensitivity is said to be determined by the human

environment conditions of the system subjected to any set

of exposures.

The IPCC (2007) defines sensitivity in a broader sense

without mentioning its determinants. Sensitivity is the

degree to which a system is affected by climate variability

or change. This definition is close to the interpretation of

vulnerability as a component of risk, that is, the degree of

loss resulting from the occurrence of a natural phenomenon

of a given magnitude (United Nations Educational, Sci-

entific and Cultural Organization [UNESCO] 1986). A link

between the component sensitivity in the IPCC terminol-

ogy and the component vulnerability as a component of

risk is, therefore, established (see Link#3 in Fig. 1).

Adaptation, coping capacity and resilience

The IPCC (2007) definition of adaptive capacity, that is,

the ability of a system to adjust to climate change to

moderate potential damages, to take advantage of oppor-

tunities or to cope with the consequences, appears to

include the idea of deficiencies in preparedness and coping

capacity (see Link#4 and Link#5, respectively, in Fig. 1).

Although different in terminology, all terms do refer to the

ability of a system to cope with the hazard stress (Tau-

benböck 2008; Birkmann 2006). The term adaptive

capacity underlines the ability of a system to change, while

coping capacity refers to the ability to absorb impacts by

guarding against or adapting to them (UNEP 2002). The

term resilience appears to be the most encompassing of all

(Thywissen 2006), including both the notions of coping

capacity found in the risk-hazards frameworks and adap-

tive capacity found in the IPCC (2007) formulation of

vulnerability (see Link#6 in Fig. 1).

Linking components of vulnerability as described

in the methodology of case studies

Structured descriptions of vulnerability derived from the

case studies investigated here are presented in Table 1.

Information of what/who is vulnerable to what stress/per-

turbation in a given system/region is presented in a sys-

tematic way. Our case study selection—although not

exhaustive—does include example of vulnerability

assessments for a variety of damaging events (e.g. floods,

earthquakes, landslides, climate change and variability),

covering different foci (e.g. structures, economy, society

and ecosystems) and unfolding at several spatial scales

(e.g. local, regional and continental). In Fig. 2, the meth-

odological description of vulnerability components found

in the case-study analysis and highlighted in Fig. 1 are

shown.

At the practical level of a vulnerability assessment, the

links between vulnerability and risk components estab-

lished in the theoretical analysis have been broadly

recognised. The commonalities at the practical level appear

to be even stronger than those observed from the semantic

definitions of the components of vulnerability. For
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example, in order to evaluate hazard and exposure (see top

of Fig. 2), both investigated communities relied on the use

of future scenarios. This was observed across several spa-

tial scales and vulnerability foci. Rashed and Weeks (2003)

interpreted hazard as a set of earthquake intensities and

Schröter et al. (2005) state that the exposure side of vul-

nerability is represented by different levels of climate

change. In Table 1, earthquake and climate change are said

to be the main perturbation/stress in Rashed and Weeks

(2003) and Schröter et al. (2005), respectively. At a more

detailed spatial scale, Granger (2003) interpreted hazard as

a set of annual exceedence probabilities of storm tides.

Independent of the focus (structures, urban areas, ecosys-

tem services), the system of concern (town of Cairns, LA

county, Europe; see Table 1) or the vulnerability/risk

conceptualisation used, exposure and hazard were inter-

preted in both communities as likely degrees of pressure

acting upon a system.

Susceptibility, sensitivity and vulnerability appear to

share the largest number of commonalities during the

elaboration of investigated assessments on vulnerability

(see blue boxes in Fig. 2). A new link between suscepti-

bility and vulnerability emerged with the correspondent

descriptions of employed methodologies. When the focus

of vulnerability was placed on society, both climate-change

and risk-hazard studies evaluated the respective compo-

nents of vulnerability with reference to very similar col-

lections of socio-economic indicators. For example, Fekete

et al. (2010) make use of the indicators age, living space

per person, education and population density to determine

susceptibility at the county level in Germany. In a climate-

change context, Brenkert and Malone (2005) and Hahn

et al. (2009) evaluate sensitivity via an analogous

procedure.

The components sensitivity in climate change and vul-

nerability in risk-hazard contexts were, in some cases,

interpreted in a similar way, even when the valued char-

acteristic of the vulnerability assessment, the systems and

the perturbation or stress are remarkably different (see

Table 1 for details). For example, Schröter et al. (2005)

interpret sensitivity as being included in the response of

biophysical models to exposure; this is close to vulnera-

bility expressed by the relation between damage ratio and

process intensity—as described in Totschnig et al. (2011).

The analysis of case studies also revealed differences in

the interpretations of vulnerability components within the

same community. For example, the understanding of sen-

sitivity of the Indian agricultural sector to climate change

in O’Brien et al. (2004) seems at odds with what has been

observed in other case studies (see sensitivity as described

in Hahn et al. (2009) in Fig. 2). The sensitivity component

was interpreted as a combination of climatic variables such

as a dryness index and average occurrence of extreme

rainfall. This interpretation is much closer to exposure as

defined in climate change—the degree to which a system is

affected by climate variability or change (IPCC 2007).

When the threat to the Indian agricultural sector is glob-

alisation, then sensitivity in O’Brien et al. (2004) is in line

with sensitivity as interpreted by Brenkert and Malone

(2005) and even the component susceptibility as in Fekete

et al. (2010). Broadly speaking, it is the socio-economic

and environmental characteristics of a system that shape

the degree of impacts.

The relation between the components vulnerability and

susceptibility in assessments carried out in a risk-hazard

context was found to be particularly interesting. Case studies

focusing on the vulnerability of people and structures have

determined sensitivity via assessing the typology and

maintenance characteristics of structures and socio-eco-

nomic aspects of the population in the study area, as

described in Kaynia et al. (2008). The aspects of structure

typology and structure maintenance can be related, to some

extent, to the vulnerability understanding in Menoni et al.

(2002), that is, the structural, organisational and functional

characteristics of lifelines. Similarly, the societal dimension

of vulnerability was evaluated using socio-economic indi-

cators of the study area (e.g. education, age, population

density), as in Kaynia et al. (2008) and Fekete et al. (2010).

When vulnerability was operated as a component of risk (see

Granger (2003) in Fig. 2), and the focus of the assessment is

on society, it referred to a set of socio-economic indicators of

the study area (e.g. people over the age of 65 years, road

network density). This is in line with previously highlighted

operations of susceptibility and sensitivity in risk-hazard and

climate-change studies, respectively.

Finally, when assessing the vulnerability of society, the

components adaptation, capacities, susceptibility and, to

some extent, sensitivity were estimated in remarkably

identical ways. Indicators such as per capita gross domestic

product (GDP) or household income were used simulta-

neously to derive the vulnerability components capacities

and adaptation (see bottom of Fig. 2).

Discussion

For each definition of vulnerability within the risk-hazard

community, there seems to be an equivalent (or with a

similar meaning) in global and climate-change context.

Despite the limited number of case studies investigated

here, the results do point to a lower level of heterogeneity

in vulnerability interpretations at the case-study level.

It was observed that multiple interpretations of vulner-

ability components found in theoretical frameworks do not

necessary translate into distinct approaches or methodolo-

gies in assessing vulnerability in risk-hazard and climate-
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change contexts. This evidence was particularly strong

during the evaluation of the vulnerability of societies. In

the cases analysed here, sensitivity, susceptibility and

vulnerability (when defined under risk) seem to be inter-

changeable in meaning.

The commonalities between both communities found at

the practical level also supports the suggestion that, in

order to respond rapidly to evolving policy demand, vul-

nerability has been equated with a narrow set of mainly

biophysical or economic parameters and recurring to pre-

existing modelling frameworks (Nelson et al. 2010). Much

confusion in discussing vulnerability seems to result from

the process of adapting existing impact methodologies to

accommodate the evolving and widening concept of vul-

nerability (Fuessel and Klein 2006; Birkmann 2006).

The long persistence of confusion surrounding vulner-

ability and related concepts calls for a greater emphasis in

systematically assessing how vulnerability components are

made operational at the case-study level. The approach

here outlined is a way to disentangle the meaning of the

word ‘vulnerability’ across scientific communities and also

a contribution for improving the communication of vul-

nerability in a decision-making context.
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NW, Bondeau A, Bugmann H, Carter TR, Gracia CA, de la

Vega-Leinert AC, Erhard M, Ewert F, Glendining M, House JI,
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Abstract

Although developing countries are called to participate in CO2 emission reduction efforts to avoid dangerous climate
change, the implications of proposed reduction schemes in human development standards of developing countries remain
a matter of debate. We show the existence of a positive and time-dependent correlation between the Human Development
Index (HDI) and per capita CO2 emissions from fossil fuel combustion. Employing this empirical relation, extrapolating the
HDI, and using three population scenarios, the cumulative CO2 emissions necessary for developing countries to achieve
particular HDI thresholds are assessed following a Development As Usual approach (DAU). If current demographic and
development trends are maintained, we estimate that by 2050 around 85% of the world’s population will live in countries
with high HDI (above 0.8). In particular, 300 Gt of cumulative CO2 emissions between 2000 and 2050 are estimated to be
necessary for the development of 104 developing countries in the year 2000. This value represents between 20 % to 30 % of
previously calculated CO2 budgets limiting global warming to 2uC. These constraints and results are incorporated into a CO2

reduction framework involving four domains of climate action for individual countries. The framework reserves a fair
emission path for developing countries to proceed with their development by indexing country-dependent reduction rates
proportional to the HDI in order to preserve the 2uC target after a particular development threshold is reached. For example,
in each time step of five years, countries with an HDI of 0.85 would need to reduce their per capita emissions by approx.
17% and countries with an HDI of 0.9 by 33 %. Under this approach, global cumulative emissions by 2050 are estimated to
range from 850 up to 1100 Gt of CO2. These values are within the uncertainty range of emissions to limit global
temperatures to 2uC.

Citation: Costa L, Rybski D, Kropp JP (2011) A Human Development Framework for CO2 Reductions. PLoS ONE 6(12): e29262. doi:10.1371/journal.pone.0029262

Editor: Juan A. Añel, University of Oxford, United Kingdom

Received February 24, 2011; Accepted November 23, 2011; Published December 21, 2011

Copyright: � 2011 Costa et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The authors acknowledge the financial support from BaltCICA (Baltic Sea Region Programme 2007-2013). They wish to thank the Federal Ministry for
the Environment, Nature Conservation, and Nuclear Safety of Germany who supports this work within the framework of the International Climate Protection
Initiative. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: carvalho@pik-potsdam.de

Introduction

Consensus emerging in favor of low CO2 stabilization targets

requires the participation of developing countries in the efforts to

reduce global green-house emissions [1]. For example, it has been

claimed that in order to keep global temperatures below a 2uC
increase, developing countries should attain more than 20 % CO2

reductions below business-as-usual levels by the year 2020 [2]. The

potential implications of such reductions on development

standards remain unclear [3] as developing countries are expected

to extensively rely on fossil energy to fuel their current

development needs [4]. In addition to potential development

implications, a fair allocation of responsibility regarding CO2

emissions reduction between developed and developing countries

remains a controversial topic [5,6]. How to account for the

responsibility of developed countries regarding historical CO2

emissions [7] and to what extent technological and political inertia

impose limits to the range of strategies envisioning the implemen-

tation of reduction schemes [8] are questions that remain largely

unanswered. Developing countries have expressed their concerns

on the points raised, questioning if development goals can – or

cannot – be met under current technological and population

trends [9].

In order to tackle above mentioned challenges, the CO2

allocation and reduction approach here outlined contrasts from

existing ones [5,7,10] by relying on the Human Development

Index (HDI) [11] as a summary measure reflecting the

achievement of a country in three basic dimensions of human

development: a long healthy life, access to knowledge, and decent

living standards. These dimensions are assessed based on the

following indicators: life expectancy at birth, literacy rate of adults,

gross enrollment rate, and gross domestic product per capita at

purchasing power parity [11]. Despite some criticism – for

example treating income, health, and education as substitutes [12]

– the HDI has been consistently used by the United Nations

Development Programme (UNDP) as a reference metric to

compare social and economic development within and between

countries across time. Furthermore, the HDI has been reported to

play an important role in raising the political profile of general

health and educational policies [13], to be an indicator of a

country’s exposure to climate-related extremes [14] and its

dimensions determinants of vulnerability and adaptive capacity

at national level [15].

In Figure 1 per capita emissions are plotted against the

corresponding HDI for countries with available data in the year

2000. We find that the per capita CO2 emissions from fossil fuel

burning are exponentially correlated with human development –

highlighting the often disregarded social-dimension of emissions

reductions. For example, the development strategy targeting high

growth in domestic product by relying on low-cost, low-efficiency

technology, contributed for the poverty rate in China to drop from

53% in 1981 to 8% in 2001 [16]. Although this ‘‘fossil’’ path of

PLoS ONE | www.plosone.org 1 December 2011 | Volume 6 | Issue 12 | e29262

XLI



development is highly incompatible with future climate targets,

climate policies cannot neglect the potential societal implications

of CO2 reductions, especially during the first stages of human

development in a country. The magnitude of the challenges ahead

become clear once the per capita CO2 emissions guard rail of 2

tons for avoiding dangerous climate change [17] and the HDI

thresholds of 0.8 and 0.9 (characteristic of a developed world) are

displayed. A fair distribution of CO2 emissions under current

technological constraints should allow the convergence of

developing countries towards 0.8 or 0.9 HDI scores and, at the

same time, keep global CO2 emissions below the available budgets

limiting anthropogenic climate change.

Methods

Extrapolating the Human Development Index
Our approach starts by investigating the evolution of future

human development standards. We assume that the HDI, di,t, of a

country, i, evolves in time, t, following a logistic regression [18].

This choice is supported by the fact that the HDI is bounded to

0#di,t#1 and that countries with high HDI evolve slowly in time.

Further, this asymptotic behavior suggests the existence of smooth

transitions in development. The logistic regression fulfills these

requirements. Therefore, we fit for each country separately

~ddi,t~
1

1ze{aitzbi
ð1Þ

to the available data (obtaining the parameters ai and bi). Since the

regression involve only two parameters, three measures of HDI

would suffice to over-determine the system. We have chosen to use

countries for which we have at least four values of HDI in order to

obtain more robust results. This lead to regressions for 147

countries out of 173 in our data set. Basically, ai quantifies how fast

a country develops and bi represents a delay. In Figure 2 we

display the collapse (see e.g. [19]) of the past HDI as obtained from

the logistic regressions illustrating how countries have been

developing in the scope of this approach. The HDI values of

each country are plotted using a transformed time t�~
tzbi

ai

so

that values of all countries (open circles) fall within their spreading

on the curve which is used to fit the data. The filled symbols

highlight the same countries as in Figure 1. The solid line

corresponds to the function dt~
1

1ze{t
. Based on the obtained

parameters, ai and bi, we estimate the future HDI of each country

until 2050 assuming similar development trajectories as in the past.

Projecting per capita emissions
In the following section we provide the main assumptions used

to extrapolate per capita emissions of CO2 from fossil fuel burning

(see also section III.B in Text S1). We choose not to include

emissions from other greenhouse gases since they were found not

to be strongly correlated with personal consumption and national

carbon intensities [6]. CO2 emissions from land-use were

disregarded due to the high uncertainty of historical data [20].

The correlations between HDI and CO2 emissions per capita,

e
(c)
i,t , were assessed for all years (1980-2006), see example of

Figure 1. We apply the exponential regression

êe
(c)
i,t ~ehtdi,tzgt ð2Þ

to the data by linear regression [21] through ln e
(c)
i,t versus di,t for

fixed years t and obtain the parameters ht and gt. At a global level,

correlation coefficients varied between a minimum of 0.89 in 2005

and a maximum of 0.91 in 2006. The individual components of HDI

were found to be as well correlated with per capita emissions, in the

following decreasing order of correlation coefficient: GDP, educa-

tion, and life expectancy, see Figure S2 and Table S2 in Text S1.

We take advantage of these correlations and assume that the

system is ergodic, i.e. that the process over time and over the

statistical ensemble is the same. In other words, we assume that

Figure 1. Correlations between HDI and CO2 per capita
emissions in the year 2000. The dashed line represents a least
squares fit through all values. The coefficient of determination is
R2^0:81 and the correlation coefficient is r^0:90. For some countries
the values are shown explicitly. Vertical lines represent the HDI values of
0.8 and 0.9 representative of high and very high development
standards respectively as expressed in the United Nations Development
Report 2009 [34]. The horizontal line shows the 2 tons per capita CO2

emissions target to limit global warming at 2uC by 2050 [7].
doi:10.1371/journal.pone.0029262.g001

Figure 2. Collapse of the HDI values based on logistic
regression according to Eq. (1). HDI values are plotted for each

country by using a transformed time t�~
tzbi

ai

so that HDI values of all

countries (open circles) fall within their spreading on the curve which is
used to fit the data. The filled symbols intend to highlight the same
examples as in Fig. 1. The solid line corresponds to the function

dt~
1

1ze{t
.

doi:10.1371/journal.pone.0029262.g002
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these correlations also hold for each country individually and

apply the exponential regression

~ee(c)
i,t ~ehidi,tzgi ð3Þ

obtaining the parameters hi and gi, which are now country

dependent. Based on the estimated parameters the CO2 per capita

emissions are extrapolated country wise. We additionally tested

two population-weighing methods when fitting per capita

emissions versus the HDI (see section III.E and Figure S7 in the

Text S1).

For 52 countries out of 173 data was found to be insufficient to

perform the regressions Eq. (1) or Eq. (3). This is, they comprise

less than the minimum number of data points required to fit the

HDI versus time or CO2 emissions per capita versus HDI. In the

Text S1 (see section III.C and Figures S3 and S4), we find that

changes of di,t and e
(c)
i,t are correlated among the countries. Thus, in

the ln e
(c)
i,t - di,t-plane, we let countries with a lack of data evolve in a

similar way as those in their vicinity.

In Figure 3 the panels (a) and (b) show examples of extrapolated

CO2 emissions per capita for six countries according to the

described methodology (more examples can be found in Figures

S1 and S6 of the Text S1). Measured values (solid lines) and

extrapolated values are plotted up to the middle of the 21st century

(dashed lines). The gray uncertainty range is obtained by including

the statistical errors of the regressions (one Standard Deviation

(SD) each). For the set of countries for which data is available we

obtain the parameters ht and gt as displayed in the panels (c) and (d)

of Figure 3 for the past values (filled symbols) and for projected

values (open symbols). The parameters imply that in average, for a

given HDI, the corresponding CO2 emissions decrease during the

time frame under investigation, as can also be seen in Figure S5 of

the Text S1. It is apparent that these correlations are hard to

overcome since they are intrinsic to the energy supply systems.

Future country-based emissions estimates are obtained via

multiplying the extrapolated CO2 per capita values by population

numbers extracted from three scenarios published in the

Millennium Ecosystem Assessment report [22]. For the purpose

of this work we only make use of data until 2050 and the

population scenarios Adaptive Mosaic (AM), Technogarden (TG),

and Global Orchestration (GO).

The statistical approach undertaken in this work can be named

‘‘Development As Usual’’ (DAU) in the sense that development

and emission trends continue as in the past. Accordingly, we are

not claiming that the calculated HDI and CO2 extrapolations are

predictions, instead, they represent a plausible near-future world

(by 2050) where CO2 emissions from fossil fuel combustion are still

closely linked to human development. This assumption is

supported by (i) the findings that no discernible decarbonizing

trends of energy supply among world regions can be identified [23]

and (ii) the existence of substantial obstacles to large scale

implementation of renewable energy in the near future [24].

Results

Emissions for development
Figure 4 depicts the estimated cumulative emissions for the

three population scenarios together with a set of CO2 budgets for

particular warming and concentration targets [5,25,26]. Accord-

ing to the DAU approach, global cumulative CO2 emissions by

2050 range from 1700 up to 2300 Gt of CO2 with about 85% of

the world’s population living in countries with an HDI above 0.8.

When assessed on a per year basis, emissions range between 45.6

and 62.4 Gt CO2 in 2050 (corresponding respectively to 12.5 and

17.1 Gt of carbon in 2050, using factor 44/12 for conversion [27]),

Figure 3. Examples of extrapolated CO2 per capita emissions. Panels a and b show the extrapolated values of CO2 emissions per capita for 6
countries following a DAU approach. The gray uncertainty range is obtained by including the statistical errors of the regressions (one SD each). Panels
c and d represent the slope and intercept values for the ensemble regressions of HDI versus CO2 per capita for observed (filled symbols) and
projected (open symbols) data. The error bars are given by the standard errors.
doi:10.1371/journal.pone.0029262.g003
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which is within the range of recent projections using IPCC

emissions scenarios [28,29].

Of a total of 165 countries, 104 were found to be developing

countries (HDI below 0.8) in the year 2000. By using the UNDP

HDI threshold of 0.8 to differentiate countries with high human

development from developing countries with medium to low

human development [30], estimated global CO2 emissions are

divided into two budgets. The first budget includes the emissions

necessary for the development of countries with HDI below 0.8

while the second budget accounts for emissions occurring after

development, this is, emissions from countries with HDI above

0.8. Emissions from countries carrying out a development

transition (i.e., crossing the HDI threshold between 2000 and

2050) are added correspondingly to each budget. For example, we

estimate India to achieve an HDI above 0.8 between the years

2035 and 2040 (see Table S1 for the time periods when countries

undertake a development transition). Until the HDI threshold is

reached the emissions are accounted to be necessary for

development, from then on CO2 emissions from India are

accounted to occur after development.

In a DAU future we estimate that between 200 and 300 Gt of

cumulative CO2 emissions will be necessary for developing

countries (104 in the year 2000) to proceed with their

development. In the scope of our approach, 61 developing

countries are expected to overcome the HDI of 0.8 by 2050

consuming roughly 98 % of the above-mentioned 200-300 Gt

budget. The remaining 43 countries are likely to stay below the

UNDP high human development threshold in the considered time

frame. Total cumulative emissions occurring after development

range from 1500 to 2000 Gt of CO2.

This amount is similarly divided among countries carrying out a

development transition (700 to 1000 Gt) and those whose

development occurred before the year 2000 (800 to 1000 Gt) as

summarized in Table 1.

Emissions for development where found to be very sensitive to

the selected HDI score. Assuming that developing countries want

to achieve western development styles would require to set the

minimum development standards to values of 0.9. In such a case,

emissions necessary for development by 2050 range from about

700 to 900 Gt of CO2. This range is higher by at least a factor of 3

than the values obtained for a HDI threshold of 0.8.

We further compare our estimates with previously calculated

CO2 budgets for particular time frames, global warming targets

and atmospheric CO2 concentrations. We find that the emissions

necessary for development consume up to 30 % of the 1000 Gt

CO2 limit for a 75 % probability of keeping global warming below

2uC, as calculated by Meinshausen et al. [25] and indicated as M75

in Fig. 4. According to our projections, the 1000 Gt budget limit

by 2050 would already be exhausted around 2030 if human

development proceeds as in the past. In case one adopts the CO2

limit providing a 50 % chance (M50) of staying below 2uC, then

cumulative CO2 emissions necessary for development would still

represent about 20 % of the total budget. Similarly, the CO2

budget to stabilize atmospheric concentrations at 450 ppm

provided by Broecker [5] (indicated as B450 in Fig. 4), would be

exhausted within the next 20 years.

Figure 4. Cumulative CO2 emissions for Development As Usual (DAU) according to three population scenarios. Global emissions are
split into two emission budgets: emissions necessary for development (until an HDI of 0.8 is reached) and emissions occurring after development (all
developed countries in 2050). Population scenarios are extracted from the Millennium Ecosystem Assessment report [22] (AM – Adaptive Mosaic; TG –
Technogarden; GO – Global Orchestration). Horizontal lines illustrate the representative values of cumulative CO2 emissions associated with the
probabilities 75% and 50% (M75 and M50) of staying below the 2uC target by 2050 as provided by Meinshausen et al. [25] and cumulative emission
budgets required to stabilize CO2 concentrations at 450 ppm provided by Broecker [5] (B450). The black arrows represent two illustrative examples
(China and India) and indicate the estimated time frame when the HDI threshold of 0.8 is crossed and emissions are no longer accounted to be
necessary for development. The green bar at the right edge of the frame depicts the range of cumulative emissions achievable under the proposed
reduction framework.
doi:10.1371/journal.pone.0029262.g004

A Human Development Framework for CO2 Reductions

PLoS ONE | www.plosone.org 4 December 2011 | Volume 6 | Issue 12 | e29262

XLIV



Human development framework for CO2 allocation and
reduction

The question logically arising from the results is how to

operate a fair transition of developing countries towards high

development standards without compromising current climate

targets. A fair approach implies that an hypothetical developing

country should not be limited in its emissions of CO2 until it

reaches a particular threshold of human development. In

practice, the development path made by current developed

countries in the past should be possible for developing countries

in the future if they choose to do so. This key aspect of the

proposed framework convenes in our opinion a better

representation of fairness in CO2 emissions allocation as

opposed to fixing a point in the past from where emissions are

integrated. Figure 5 makes use of the 0.8 HDI threshold to

differentiate four areas of action regarding climate policies.

Countries whose HDI trails below the minimum human

development standard evolve in the context of a Fairness domain.

In this domain the developing country is allowed to fulfill the

basic development needs by following a development path

where HDI is highly correlated with CO2 emissions from fossil

fuel burning. In the Best-case domain developing countries are

able to proceed with their development goals and at the same

time reduce their CO2 emissions. This domain would imply a

fast worldwide implementation of energy technologies with low

carbon intensity, a transformation that is not observed so far

[23]. After basic development needs are fulfilled, countries are

no longer said to be developing and transit to the Responsibility

domain where they engage in CO2 reduction rates proportional

to their HDI in order to preserve a global warming limit of 2uC
by 2050 [25]. The No-go domain needs to be avoided by future

developed countries and quickly abandoned by current ones on

the basis that resulting emissions would be largely incompatible

with future climatic policies. A generalized convergence of

countries towards the Responsibility domain should be operated.

To formalize this, we propose that a developed country i

reduces it’s per capita emissions at year t according to

e
(c)
i,t{5y?(1{ri,t)e

(c)
i,t with the 5-year reduction rate ri,t, given by

ri,t~f (di,t{d�) for di,twd� ð4Þ

where d* is the development threshold and f a proportionality

constant which determines how strong the reduction rate

increases with increasing HDI (see also Text S1 section V).

Based on the above discussed development threshold (d* = 0.8) we

estimate that f = 3.3 (as a lower bound) would lead to global

cumulative emissions ranging between 850 and 1100 Gt of CO2

by 2050 if reduction starts in 2015 (assuming the same

uncertainty as in DAU). This amount is within the range of

allowed cumulative CO2 emissions that provide between 80 %

and 66 % change of keeping global temperatures below a 2uC
increase, as calculated by [25]. Under our reduction framework,

global emissions in the year 2050 are estimated to be 10 Gt CO2

or about 13.3 Gt CO2 equivalent if one accounts also for non-

CO2 gases (with non-CO2 gases constituting roughly 1/3 of total

CO2 equivalent [25]). This value is relatively low and complies

with post-2050 emission thresholds that make cumulative CO2

emissions between 2010 and 2050 a robust indicator of achieving

the 2uC target as in Meinshausen et al. [25] and Bowerman et al.

[27].

The value of f = 3.3 implies that in each time step of five years,

countries with an HDI of 0.85 would need to reduce their per

Table 1. Projected cumulative CO2 emissions for the period 2000-2050 compared to CO2 emission budgets for warming potential
and atmospheric concentrations.

Cumulative CO2 emissions
in Gt of CO2 by 2050

Necessary for development* 200 - 300

Emitted after development 1500 - 2000

from countries crossing 0.8 HDI between 2000 and 2050 700 - 1000

from countries already developed in 2000 800 - 1000

Global

Emissions under DAU 1700 - 2300

Emissions under the proposed framework** 850 - 1100

Allowable CO2 emissions
in Gt of CO2

By 2050

75% probability of not exceeding 2uC [25] (M75) 1000

50% probability of not exceeding 2uC [25] (M50) 1400

By 2075

To limit CO2 concentrations at 450 ppm [5] (B450) 1000

To limit CO2 concentrations at 560 ppm [5] 2600

To limit CO2 concentrations at 560 ppm [26] 3300

The table summarizes the emission values before and after countries reach the HDI of 0.8 according to a DAU approach and under the proposed reduction framework.
A collection of previous calculated budgets for allowable CO2 emissions highlights the efforts necessary for emission reductions.
*Cumulative emissions necessary for development assuming an HDI threshold of 0.9 would range from 600 to 600 Gt CO2.
**Assuming the same uncertainty as in DAU.
doi:10.1371/journal.pone.0029262.t001
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capita emissions by approx. 17% and countries with an HDI of 0.9

by 33 %. As a result of applying these reduction rates, emission

curves of current and future developed countries decrease

approximately exponentially. In Figure 6 we show the emission

trajectories for a set of countries. Per capita CO2 emissions from

Germany would need to be reduced from about 10 tons in 2010 to

4 tons in 2020 and a nearly complete decarbonization by 2040.

Countries not yet developed are entitled to increase emissions. In

the case of India, CO2 emissions per capita grow until a maximum

of 4 tons in 2040. After its development, India needs to reduce per

capita emissions to approx. 3.5 and 3 tons CO2 in 2045 and 2050

respectively. Developing countries unable to reach an HDI of 0.8

during the time frame of this analysis are allowed to emit following

DAU. For example, Pakistan is entitled to increase emissions to a

maximum of approx. 2.5 tons per capita in 2050, the year when its

expected to become a developed country following our approach.

In Figure 7 we provide an overview of our results according to the

current political world map. The figure highlights the geographic

trade-offs between the necessary achievements in CO2 reduction

by current developed countries (brown shading), and the

cumulative CO2 emissions for the DAU of developing countries

(green shading) in order to comply with the 2uC target – using the

M75 budget.

Discussion

Previous reduction schemes of global CO2 emissions make use

of population numbers [5,7,31] or income distribution [10]

associated with permissible CO2 atmospheric concentrations or

global warming targets [32] to comply with the ‘‘common but

shared responsibility’’ principle of the 1992 United Nations

Framework Convention on Climate Change (UNFCCC).

These approaches disregard to some extent the possible

development set-backs caused by CO2 reductions in the socio-

economic development of a country. We use the HDI in order to

take development needs of developing countries into consider-

ation. In a DAU world, we estimate that up to 300 Gt of CO2

represent a pre-condition for raising a considerable amount of

developing countries (comprising HDI below 0.8 in the year

2000) to a minimum HDI of 0.8 in the year 2050. If development

pathways proceed as in the past, resulting CO2 emissions will

pose tighter constraints on the achievement of the previously

mentioned climate targets. One can legitimately question the

likelihood of such assumption. In a sense, our approach can only

be regarded as an approximation since aspects like technological

innovation and enhanced technology transfer between developed

and developing countries cannot be anticipated. This is a

recurrent problem when projecting trends of socio-economic

systems into the future. The assumed ergodicity would benefit

from further investigation.

Depending on mankind’s decision concerning acceptable levels

of climate change and desirable human development goals,

emissions necessary for development can represent substantial

shares of the CO2 budgets here analyzed (see Table 1 for further

CO2 budgets). In line with previous research [33], it was found

that the overall efficiency in achieving higher human development

scores increases, e.g. less CO2 emissions are necessary for a certain

HDI. It remains open to which extent these gains in efficiency can

be articulated in the context of current climate negotiations

constraints.

We propose a differentiated and dynamic allocation scheme of

CO2 emissions based on human development achievements.

Developing countries are not obliged to reduce their emissions

until a certain threshold of human development is achieved. From

then on the country is no longer considered to be developing, and

should therefore engage on the proposed emissions reduction path.

It is worth to point out that the investigated population scenarios

only show substantial divergence in values beyond 2050. Obtained

differences in CO2 emissions between scenarios are therefore small

during the time frame of analysis.

Figure 5. CO2 emissions reduction framework based on HDI. The reduction framework proposes four domains of climate action that are both
fair in an historical perspective and constrained by current technological developments. Reserving a fairness domain for developing countries implies
that their participation in climate efforts can be operated in a voluntary basis. The development threshold of 0.8 HDI is taken from United Nations
Development Report 2009 [34].
doi:10.1371/journal.pone.0029262.g005
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Within the scope of our approach the efforts for climate

protection commitments from developing countries can be

operated on a voluntary basis. With CO2 reduction rates linked

to the evolution of HDI as proposed here, the 2uC target can be

met even if emissions from developing countries evolve according

to DAU during the early stages of development. Independent of

the climate target, a fair allocation and reduction of emissions

between developed and developing countries must consider the

dependence between CO2 and human development here

discussed.

Figure 6. Examples of extrapolated CO2 emissions per capita in agreement with the proposed reduction scheme (d * = 0.8, f = 3.3).
Solid lines stand for the historical emission while the connected circles represent extrapolated emissions when countries follow the reduction scheme
proposed.
doi:10.1371/journal.pone.0029262.g006

Figure 7. Global distribution of allowed emissions for DAU from developing countries (green shading) and per capita CO2 targets
in 2050 for developed countries (brown shading) under the proposed framework to keep temperatures below 26C target – as
implied by the M75 CO2 budget. The period in time when developing countries are expected to reach an HDI of 0.8 is represented by the colored
hatches.
doi:10.1371/journal.pone.0029262.g007
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Supporting Information

Figure S1 Examples of extrapolated CO2 emissions per
capita. For the countries with top total emissions in 2000, we plot

the measured values (solid lines) and extrapolated values up to the

middle of the 21st century (dotted lines). The gray uncertainty

range is obtained by including the statistical errors of the

regressions (one standard deviation each).

(EPS)

Figure S2 Correlations between CO2 emissions per
capita and HDI as well as its components. Panels (a-d)

are cross-plots in semi-logarithmic representation, where each

filled circle represents a country. (a) depicts the CO2 emissions per

capita values versus the corresponding HDI values for the year

2006 (172 countries). (b-d) depict the analogous for the HDI

components, i.e. (b) GDP index, (c) life expectancy index, and (d)

education index. The slopes and correlation coefficients are listed

in Table S2. The Panels also include the trajectories (1980-2006)

of Japan (green diamonds), China (blue triangle up), India (grey

triangle right), and Bangladesh (cyan 6) evolving from the lower

left to the upper right. The solid straight lines are exponential fits,

Eq. 4), to the data and the dotted lines in (b-d) correspond to the fit

from (a).

(EPS)

Figure S3 Correlations of the changes in development
and emissions per capita. For observed data between the

years 2000 and 2005, we plot in (a) the correlation function, Eq. 6),

of the temporal changes of the HDI as a function of the difference

of the countries in terms of HDI. In (b) the analogue, namely the

correlation function of the temporal changes of the emissions per

capita is plotted as a function of the difference in terms of

emissions per capita. While the green dots represent the products

of individual pairs, the blue filled circles represent the averages in

logarithmic bins.

(EPS)

Figure S4 Correlations between CO2 emissions per
capita and HDI. Panels (a) to (g) are cross-plots in semi-

logarithmic representation, where each filled circle represents a

country, for past years (a) 2000:135 countries and (b) 2006: 172

countries, as well as extrapolated (c) to (g) 2011-2051 (172 countries

each). The brownish circles represent those countries, which due to

missing data have been estimated assuming correlations in the

changes of di,t as well as e
(c)
i,t (see Sec. III.C). Panels (h) and (i) show

how the parameters ht and gt evolve in time (the open symbols are

obtained from the extrapolated values of all countries). Both

parameters are based on only those 71 countries providing HDI and

CO2 values for all years 1980, 1985, 1990, 1995, 2000, 2005, 2006.

The qualitative agreement of ht and gt between past and

extrapolated supports the plausibility of the presented approach.

The error bars are given by the standard errors. The panels (h) and

(i) are the same as Fig. 3(c) and (d) in the main text.

(EPS)

Figure S5 Evolving correlations between CO2 emissions
per capita and HDI. The lines represent the linear regressions

applied to the logarithm of CO2 emissions per capita versus HDI

for the past (solid lines) and our projections (dashed lines). The

numbers at the right edge correspond to the ei,t for which the

regressions cross di,t = 0.8 in 1980, 2005 and projected for 2051.

(EPS)

Figure S6 Examples of extrapolated CO2 emissions per
capita. For the countries with top emissions per capita in 2006,

we plot the measured values (solid lines) and extrapolated values

up to the middle of the 21st century (dotted lines). Qatar and

Luxembourg belong to those countries, which due to missing data

have been extrapolated utilizing correlations in the changes of di,t

as well as e
(c)
i,t (Sec. III.C). The gray uncertainty range is obtained

by including the statistical errors of the regressions (one standard

deviation each). Analogous to Figure S1 but for different countries.

(EPS)

Figure S7 Correlations between CO2 emissions per
capita and HDI. For the year 2000 three different ways of

performing a regressions are exemplified. Solid line in the

background: the regression when each country has the same

weight. Dotted line: the countries have weights according to the

logarithm of their population. Dashed line: the countries have

weights according to their population. For comparison the five

most populous countries are highlighted.

(EPS)

Table S1 Periods during which countries are expected
to pass the HDI value of 0.8 according to the extrapo-
lations. The rows denote the countries and the columns denote

periods of five years. The transitions are indicated with N.

(PDF)

Table S2 Slopes and correlation coefficients of the
exponential fits, Eq. 4), applied to the HDI and it’s
components.

(PDF)

Text S1

(PDF)
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I. SYNOPSIS

We estimate cumulative CO2 emissions during the pe-
riod 2000 to 2050 from developed and developing coun-
tries based on the empirical relationship between CO2

per capita emissions (due to fossil fuel combustion and
cement production) and corresponding HDI. We choose
not to include emissions from land use and other green-
house gases since they were found not to be strongly cor-
related with personal consumption and national carbon
intensities [1]. In addition, data of past CO2 emissions
from land use is uncertain due to the lack of historical
data of both former ecosystem conditions and the extent
of subsequent land use [2].
In order to project per capita emissions of individual

countries we make three assumptions which are detailed
below. First, we use logistic regressions to fit and ex-
trapolate the HDI on a country level as a function of
time. This is mainly motivated by the fact that the HDI
is bounded between 0 and 1 and that it decelerates as it
approaches 1. Second, we employ for individual countries
the correlations between CO2 per capita emissions and
HDI in order to extrapolate their emissions. This is an
ergodic assumption, i.e. that the process over time and
over the statistical ensemble is the same. Third, we let
countries with incomplete data records evolve similarly
as their close neighbors (in the emissions-HDI plane, see
Fig. 1 in the main text) with complete time series of CO2

per capita emissions and HDI. Country–based emissions
estimates are obtained by multiplying extrapolated CO2

per capita values by population numbers of three scenar-
ios extracted from the Millennium Ecosystem Assessment
report [3].
Finally, we propose a reduction scheme, where coun-

tries with an HDI above the development threshold re-
duce their per capita CO2 emissions with a rate that
is proportional to their HDI. We estimate the minimum
proportionality constant so that the global emissions by
2050 meet the 1000Gt limit.

II. DATA

The analyzed data consists of Human Development In-
dex (HDI), CO2 emissions per capita values, and Popula-
tion numbers. In all cases the aggregation level is country
scale. Both the HDI and the CO2 data is incomplete, i.e.
the values of some countries or years are missing. In ad-
dition, the set of countries with HDI or CO2 data does
not match 100% with the set of countries with population
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data (see Sec. III E).

A. Human Development Index (HDI)

The Human Development Index is provided by the
United Nation Human Development Report 2009 and
covers the period 1980 to 2007 (in steps of 5 years until
2005, plus the years 2006 and 2007). The data is available
for download [4] and is documented [5].

The HDI is intended to reflect three dimensions of hu-
man development: (i) a long and healthy life, (ii) knowl-
edge, and (iii) a decent standard of living. In order to
capture the dimensions, four indicators are used: life ex-
pectancy at birth for ”a long and healthy life”, adult lit-
eracy rate and gross enrollment ratio (GER) for ”knowl-
edge”, and GDP per capita (PPP US$) for ”a decent
standard of living”. Each index is weighted with 1/3
whereas the ”adult literacy index” contributes 2/3 to the
education index (knowledge) and gross enrollment index
1/3:

di,t =
1

3

(
LEi,t − 25

85− 25

)
+

1

3

(
2

3

ALi,t

100
+

1

3

GEi,t

100

)
+

1

3

(
logGDPi,t − log 100

log 40000− log 100

)
(1)

=
1

3
dlife expectancy
i,t +

1

3
deducationi,t +

1

3
dGDP
i,t , (2)

where LEi,t is the life expectancy, ALi,t the adult lit-
eracy, GEi,t the gross enrollment, and GDPi,t the GDP

per capita (PPP US$) [6], dlife expectancy
i,t , deducationi,t , and

dGDP
i,t denote the corresponding indices. An illustrative

diagram can be found in [6]. The components are studied
individually in Sec. III B 1.

B. CO2 emissions per capita

The data on CO2 emissions per capita is provided by
the World Resources Institute (WRI) 2009 and covers the
years 1960-2006. The CO2 emissions per capita are given
in units of tons per year. It is available for download [7]
and is documented [8].

Carbon dioxide (CO2) is transformed and released dur-
ing combustion of solid, liquid, and gaseous fuels [9]. In
addition, CO2 is emitted as cement is calcined to produce
calcium oxide. The data does include emissions from ce-
ment production but estimates of gas flaring are included
only from 1980 to the present. The CO2 emission values
do not include emissions from land use change or emis-
sions from bunker fuels used in international transporta-
tion [9].

C. Population

Population projections are provided by the Millennium
Ecosystem Assessment Report 2001 and cover the period
2000 to 2100 in steps of 5 years (we only make use of
the data until 2050). The data is available for down-
load [10] and is documented [11]. We use the scenarios
Adaptive Mosaic (AM), TechnoGarden (TG), and Global
Orchestration (GO). We found minimal differences in our
results using the Order from Strength (OS) scenario and
therefore disregard it. In short:

• The Adapting Mosaic scenario is based on a frag-
mented world resulting from discredited global in-
stitutions. It involves the rise of local ecosystem
management strategies and the strengthening of lo-
cal institutions [11].

• The TechnoGarden scenario is based on a globally
connected world relying strongly on technology as
well as on highly managed and often-engineered
ecosystems to provide needed goods and services.

• The Global Orchestration scenario is based on a
worldwide connected society in which global mar-
kets are well developed. Supra-national institutions
are well established to deal with global environmen-
tal problems.

D. Notation

For a country i at year t we use the following quantities:

• Human Development Index (HDI): di,t

• CO2 emissions per capita: e
(c)
i,t

in tons/(capita year)

• CO2 emissions: ei,t
in tons/year

• cumulative CO2 emissions: Ei,t

in tons

• population: pi,t

III. EXTRAPOLATING CO2 EMISSIONS

In this section we detail which empirical findings and
assumptions are used to extrapolate per capita emis-
sions of CO2 and HDI values in a Development As Usual
(DAU) approach. The projections are performed statis-
tically, i.e. extrapolating regressions. Our approach is
based on 3 assumptions:

1. The Human Development Index, di,t, of all coun-
tries evolves in time following logistic regressions
(Sec. III A).
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2. The Human Development Index and the logarithm

of the CO2 emissions per capita, e
(c)
i,t , are linearly

correlated (Sec. III B).

3. The changes of di,t and e
(c)
i,t are correlated among

the countries, i.e. countries with similar values
comprise similar changes (Sec. III C).

By Development As Usual we mean that the countries
behave as in the past, with respect to these 3 points.
In particular, past behavior may be extrapolated to the
future.
It is impossible to predict how countries will develop

and how much CO2 will be emitted per capita. Accord-
ingly, we are not claiming that the calculated extrapola-
tions are predictions. We rather present a plausible ap-
proach which is supported by the development and the
emissions per capita in the past. We provide the esti-
mates consisting of projected HDI and emission values
as supplementary material.

A. Extrapolating Human Development Index
(HDI)

We elaborate the evolution of HDI values following a
logistic regression [12]. This choice is supported by the
fact that the HDI is bounded to 0 ≤ di,t ≤ 1 and that
the high HDI countries develop slowly. Therefore, we fit
for each country separately

d̃i,t =
1

1 + e−ait+bi
(3)

to the available data (obtaining the parameters ai
and bi), whereas we only take into account those coun-
tries for which we have at least 4 measurement points,
which leads to regressions for 147 countries out of 173 in
our data set. Basically, ai quantifies how fast a country
develops and bi represents when the development takes
place. Figure 2 in the main paper depicts a collapse (see
e.g. [13]) of the past HDI as obtained from the logis-
tic regression. It illustrates how the countries have been
developing in the scope of this approach.
Based on the obtained parameters, ai and bi, we es-

timate the future HDI of each country assuming similar
development trajectories as in the past. Table S1 lists
those countries which pass di,t = 0.8 [5] until 2051 and
provides periods when this is expected to happen accord-
ing to our projections. Further, we expect from the ex-
trapolations that before 2021 more people will be living
in countries with HDI above 0.8 (see main text) than be-
low. In addition, until 2051 around 85% will be living in
countries with HDI above 0.8.
The logistic regression, Eq. (3), is in physics also known

as Fermi-Dirac distribution. It comprises three distinct
points. The inflection point is located at t = 0 and d =
0.5 for ai = 1 and bi = 0. Two other distinct points
are those of maximum or minimum curvature. They are

located at t = − ln(2 ±
√
3) and d = (3 ±

√
3)−1, i.e.

d ≈ 0.21 ∨ d ≈ 0.79. Accordingly, from a geometrical
point of view, d∗ = 0.8 is a reasonable threshold. The
approach of fitting logistic regressions to country data is
also been used in other fields, see e.g. [14].

B. Estimating CO2 emissions per capita

In Figure 1 of the main text we find among the ensem-
ble of countries correlations between the HDI, di,t, and

the CO2 emissions per capita, e
(c)
i,t (see also Fig. S4). We

apply the exponential regression

ê
(c)
i,t = ehtdi,t+gt (4)

to the country data by linear regression [15] through

ln e
(c)
i,t versus di,t for fixed years t and obtain the param-

eters ht and gt as displayed in the panels (c) and (d) of
Fig. 3 in the main text, respectively.
We take advantage of these correlations and assume

that the system is ergodic, i.e. that the process over
time and over the statistical ensemble are the same. In
other words, we assume that these correlations [main text
Fig. 1, Eq. (4)] also hold for each country individually,
and apply the exponential regression:

ẽ
(c)
i,t = ehidi,t+gi . (5)

Thus, for each country, we obtain the parameters hi

and gi, characterizing how its emissions per capita are
related to its development (or vice versa). Note that
while in Eq. (4) the year t is fixed, leading to the time-
dependent parameters ht and gt, in Eq. (5) the country i
is fixed, leading to the country-dependent parameters hi

and gi. This regression, Eq. (5), is applied to 121 coun-
tries for which sufficient data is available, i.e. at least

4 pairs e
(c)
i,t and di,t. Based on extrapolated HDI values

we then calculate the corresponding future emissions per
capita estimates. Figure S1 shows for 9 examples the
past and extrapolated values of emissions per capita.

1. Correlations between CO2 emissions per capita and HDI
components

In addition to the correlations between CO2 emissions
per capita and the HDI, we also calculated the correla-
tions between CO2 emissions per capita and the three
components of the HDI, i.e. a long and healthy life,
knowledge, and a decent standard of living (see Sec. II A).
As can be seen in Fig. S2 for the year 2006, in all cases
we find clear correlations. In particular, we find that the
slopes for the components are smaller than the one for
HDI, see Tab. S2. This supports the usage of the HDI as
summary measure. However, the correlation coefficients
of the life expectancy index vs. CO2 emissions per capita
and the education index vs. CO2 emissions per capita are
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somewhat smaller (0.78 and 0.82, respectively) than the
one for the GDP index vs. CO2 emissions per capita
(0.92).
By plotting the evolution of individual HDI compo-

nents one can e.g. see that relative gains in education and
life expectancy in Bangladesh supplant the gains in per
capita GDP (Fig. S2). Obviously, the components them
self are also correlated among each other (not shown).

C. Estimating values for missing countries

For 52 countries out of 173 the available data is not
sufficient, i.e. there are not enough values to perform
the regressions Eq. (3) or Eq. (5). In order not to dis-
regard these countries we take advantage of correlations,
i.e. countries with similar HDI have on average similar
changes of HDI as well as countries with similar emis-
sions per capita have on average similar changes of emis-

sions. In other words, in the ln e
(c)
i,t -di,t-plane, the coun-

tries move similarly to their neighborhood.
Figure 3(c) and (d) in the main text also shows how

the regressions to the emissions per capita versus the HDI
evolve. The slope, ht, becomes larger and the intercept,
gt, smaller. In both cases the standard error remains ap-
proximately the same, showing that the spreading of the
cloud does not change. In other words, if the countries
would develop independently from each other, then the
error bars should increase with time.
In order to further support this feature, in Fig. S3 we

show the correlations for both quantities. Thus, for each
pair of countries i and j (that are in the set with sufficient
data), we calculate

ci,j(∆d) =
(δdi − 〈δd〉)(δdj − 〈δd〉)

σ2
δd

, (6)

where δdi = di,2005 − di,2000 is the difference in time,
〈δd〉 is the average of δd among all countries providing
enough data, and σ2

δd is the corresponding variance. In
Fig. S3(a) ci,j is plotted against ∆di,j = |dj,2000−di,2000|,
the difference in space of the considered pair of countries.
One can see that the correlations decay exponentially
following c̃i,j(∆d) ≈ e−67.8∆d−0.66. This indicates that
countries that have similar HDI also develop similarly.
For the emissions per capita we perform the analo-

gous analysis, replacing δdi by δ ln e
(c)
i in Eq. (6) and

consequently in the quantities 〈ln δe(c)〉, σ2
δ ln e(c)

, and

∆ ln e
(c)
i,j . In Fig. S3(b) we obtain similar results as for

the HDI. For the emissions, the correlations decay as

c̃i,j(∆ ln e(c)) ≈ e−1.82∆ ln e(c)−2.27. For both, δdi and

δ ln e(c), the correlations were calculated between the
years 2000 and 2005.
We take advantage of these correlations and utilize

them to extrapolate di,t and e
(c)
i,t by using the estimated

correlation functions as weights. The change in devel-
opment of a country k, belonging to the set of countries

without sufficient data, we calculate with

δdk =

∑
j (c̃k,j(∆d)δdj)∑

j c̃k,j(∆d)
, (7)

where the index j runs over the set of countries with
sufficient data. Then, the HDI in the following time step
is

dk,t+1 = dk,t + δdk,t . (8)

The analogous procedure is performed for the emissions
per capita.
The results are shown in Fig. S4. For comparison,

the panels (a) and (b) show the measured values for
the years 2000 and 2006. The panels (c) to (g) exhibit
the extrapolated values, whereas the black dots belong
to the set of countries with sufficient data (only HDI-
extrapolation and HDI-CO2-correlations) and the brown-
ish dots belong to the set of countries without sufficient
data. In sum we can extrapolate the emissions for 172
countries (for one there is no 2006 emissions value). For
most countries we obtain reasonable estimations (see also
Sec. III E). Panels (h) and (g) show the corresponding
parameters ht and gt (slope and intercept). The extrapo-
lated values follow the tendency of the values for the past,
supporting the plausibility of this approach. Neverthe-
less, the standard errors increase slightly in time, which
indicates that the cloud of dots becomes slightly more

disperse, i.e. weaker ensemble correlations between e
(c)
i,t

and di,t.
Figure S5 summarizes how the regressions – Eq. (4) to

the cloud of points representing the countries – evolve
in the past and according to our projections. Since
the countries develop, the regression line moves towards
larger values of the HDI and at the same time its slope
becomes steeper. As a consequence, on average the per
capita emissions of countries with di,t ≃ 0.8 decrease
with time from approx. 5.2 tons per year in 1980 to ap-
prox. 2.9 tons per year in 2005 and we expect it to reach
approx. 1.5 tons per year in 2051. This is in line with
previous analysis [16].

D. Uncertainty

In order to obtain an uncertainty estimate of our pro-
jections, we take into account the residuals of the re-
gressions to the HDI versus time and CO2 versus HDI.

Thus, we calculate the root mean square deviations, σ
(d)
i

and σ
(e)
i , respectively. The upper and lower estimates of

emissions per capita are then obtained from

d̃i,t,(±) =
1

1 + e−ait+bi∓σ
(d)
i

(9)

and

ẽ
(c)
i,t,(±) = gie

hid̃i,t,(±)±σ
(e)
i . (10)
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In a rough approximation, assuming independence of the
deviations, the upper and lower bounds correspond to
the range enclosing 90%.

The obtained ranges can be seen as gray bands in
Fig. S1 and S6. We find that the global cumulative CO2

emissions between the years 2000 and 2050 discussed in
the main text exhibit an uncertainty of approx. 12% com-
pared to the typical value, which also includes uncer-
tainty due to the population scenarios (see Sec. II C and
Fig. 4 in the main text).

The global emissions we calculate for the years 2000
and 2005 (i.e. multiplying recorded CO2 emissions per
capita with recorded population numbers, see Sec. IV)
are by less than 2% smaller than those provided by the
WRI [7]. This difference, which can be understood as a
systematic error, can have two origins. (i) Some countries
are still missing. Either they are not included in the
data at all, or they cannot be considered, such as when
we multiply emissions per capita with the corresponding
population and the two sets of countries do not match.
(ii) The population numbers we use might differ from the
ones WRI uses.

E. Limitations

Since countries with already large HDI can only have
small changes in di,t, the emissions per capita also do
not change much. For example, for Australia, Canada,
Japan, and the USA we obtain rather stable extrapo-
lations (Fig. S1 and S6). This could be explained by
the large economies and the inertia they comprise. In
contrast, for some countries with comparably small pop-
ulations, the extrapolated values of emissions per capita
reach unreasonably high values, such as for Qatar or
Trinidad&Tobago in Fig. S6.

Since one may argue that countries with large popula-
tions should have more weight [16] when fitting the per
capita emissions versus the HDI, Eq. (4), in Fig. S7, for
the year 2000, we employ three ways of weighing. While
the solid line is the fit where all countries have the same
weight, the dotted line is a regression where the points
are weighted with the logarithm of the country’s popu-
lation. We found that it is almost identical to the un-
weighted one. In contrast, the dashed line is a regression
where the points are weighted with the population of the
countries (not their logarithm as before). The obtained
regression differs from the other ones and as expected it
is dominated by the largest countries (five of them are
indicated in Fig. S7). However, this difference does not
influence our extrapolations since we do not use the en-
semble fit, Eq. (4), but instead regressions for individual
countries, Eq. (5).

F. Enhanced development approach

In addition to the DAU approach, we also tested one
of enhanced development where we force the countries
with d < 0.8 to reach an HDI of 0.8 by 2051. This can be
done by parameterizing the HDI-regression through two
points, namely di,2006 and di,2050 = 0.8, instead of fitting
Eq. (3). The corresponding emission values can then be
estimated by following the ensemble fit, Eq. (4). Never-
theless, since the relevant countries are rather small in
population and still remain with comparably small per
capita emissions, the difference in global emissions is mi-
nor, namely at most an additional 3% (cumulative emis-
sions until 2050, GO population scenario). Thus, we do
not further consider this enhanced development.

IV. CUMULATIVE EMISSIONS

To obtain the cumulative emission values, shown in
Fig. 2 of the main text, we perform the following steps:

1. Estimate the emissions per capita, e
(c)
i,t , according

to the descriptions in Sec. III.

2. Multiply the per capita emissions with the popula-

tion of the corresponding countries, ei,t = e
(c)
i,t pi,t,

resulting in the total annual emissions of each coun-
try.

3. Calculate the cumulative emissions by integrat-
ing the annual emission values, Ei,t =

∑t
τ=t0

ei,τ ,
where we choose t0 = 2000.

The intersection of the set of countries with projected
per capita emission values with the set of countries with
projected population values consists of 165 countries.

V. REDUCTION SCHEME

In the main text we propose a CO2-reduction scheme
which is in line with our results. The reduction rate of the
individual countries should depend on their individual
HDI value. Thus, a country i reduces it’s per capita
emissions at year t according to

e
(c)
i,t−5y → (1− ri,t) e

(c)
i,t (11)

with the 5-year reduction rate, ri,t, which depends on the
country’s HDI following

ri,t = f (di,t − d∗) for di,t > d∗ , (12)

involving two parameters, the development threshold,
0 < d∗ < 1, and the proportionality constant, f > 0.
The former determines at which HDI the countries start
their reduction of per capita CO2 emissions and the lat-
ter determines how strong the reduction rate increases
with increasing HDI.
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Obviously, the larger d∗ is, the larger f needs to be
(and vice verse) so that global emissions can be limited.
Choosing the development threshold, d∗ = 0.8, we esti-
mate that f ≃ 3.3 would lead to global cumulative emis-
sions ranging between 850 and 1100Gt of CO2 by 2050 if
reduction starts in 2015 (assuming the same uncertainty
as in DAU).
Naturally, larger values of f lead to smaller global

emissions (f ≃ 3.3 is a lower bound). However, the
response is non-linear: d∗ = 0.7 requires f ≃ 1.1 and
d∗ = 0.6 only f ≃ 0.6. For d∗ > 0.8 the emissions can
practically not be restricted to the limit of 1000Gt global
emissions by 2050 within the proposed reduction frame-
work.
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FIG. S1: Examples of extrapolated CO2 emissions per capita. For the countries with top total emissions in 2000, we plot the
measured values (solid lines) and extrapolated values up to the middle of the 21st century (dotted lines). The gray uncertainty
range is obtained by including the statistical errors of the regressions (one standard deviation each).
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FIG. S2: Correlations between CO2 emissions per capita and HDI as well as its components. Panels (a-d) are cross-plots in
semi-logarithmic representation, where each filled circle represents a country. (a) depicts the CO2 emissions per capita values
versus the corresponding HDI values for the year 2006 (172 countries). (b-d) depict the analogous for the HDI components, i.e.
(b) GDP index, (c) life expectancy index, and (d) education index. The slopes and correlation coefficients are listed in Tab. S2.
The Panels also include the trajectories (1980-2006) of Japan (green diamonds), China (blue triangle up), India (grey triangle
right), and Bangladesh (cyan ×) evolving from the lower left to the upper right. The solid straight lines are exponential fits,
Eq. (4), to the data and the dotted lines in (b-d) correspond to the fit from (a).
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as well as extrapolated (c) to (g) 2011-2051 (172 countries each). The brownish circles represent those countries, which due

to missing data have been estimated assuming correlations in the changes of di,t as well as e
(c)
i,t (see Sec. IIIC). Panels (h)

and (i) show how the parameters ht and gt evolve in time (the open symbols are obtained from the extrapolated values of all
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presented approach. The error bars are given by the standard errors. The panels (h) and (i) are the same as Fig. 3(c) and (d)
in the main text.

LVIII



9

0 0.2 0.4 0.6 0.8 1
di,t

10
−2

10
−1

10
0

10
1

e i,t

1980
1985
1990
1995
2000
2005
2011
2021
2031
2041
2051

1.5
2.9
5.2

FIG. S5: Evolving correlations between CO2 emissions per
capita and HDI. The lines represent the linear regressions
applied to the logarithm of CO2 emissions per capita versus
HDI for the past (solid lines) and our projections (dashed
lines). The numbers at the right edge correspond to the ei,t
for which the regressions cross di,t = 0.8 in 1980, 2005 and
projected for 2051.

LIX



10

1950 2000 2050
0

20

40

60

80

e i,t

(c
)   [

to
ns

/c
ap

.]

Qatar
Emirates
Kuwait

1950 2000 2050
t  [year]

0

20

40

60

80

Bahrain
Trinidad&Tobago
Luxembourg

1950 2000 2050
0

10

20

30

USA
Australia
Canada

(a) (b) (c)

FIG. S6: Examples of extrapolated CO2 emissions per capita. For the countries with top emissions per capita in 2006, we
plot the measured values (solid lines) and extrapolated values up to the middle of the 21st century (dotted lines). Qatar and
Luxembourg belong to those countries, which due to missing data have been extrapolated utilizing correlations in the changes

of di,t as well as e
(c)
i,t (Sec. IIIC). The gray uncertainty range is obtained by including the statistical errors of the regressions

(one standard deviation each). Analogous to Fig. S1 but for different countries.

LX



11

0.2 0.4 0.6 0.8 1
di,t=2000

−6

−4

−2

0

2

4

lo
g(

e i,t
=

20
00

(c
) )

equal weight
weighted with log(pop)
weighted with pop
China
India
USA
Indonesia
Brazil

134 countries

FIG. S7: Correlations between CO2 emissions per capita and
HDI. For the year 2000 three different ways of performing a
regressions are exemplified. Solid line in the background: the
regression when each country has the same weight. Dotted
line: the countries have weights according to the logarithm
of their population. Dashed line: the countries have weights
according to their population. For comparison the five most
populous countries are highlighted.

LXI



12

2007 2012 2017 2022 2027 2032 2037 2042 2047
2011 2016 2021 2026 2031 2036 2041 2046 2051

Armenia •
Colombia •
Iran •
Kazakhstan •
Mauritius •
Peru •
Turkey •
Ukraine •
Azerbaijan •
Belize •
China •
Dominican.Republic •
El.Salvador •
Georgia •
Jamaica •
Maldives •
Samoa •
Suriname •
Thailand •
Tonga •
Tunisia •
Algeria •
Bolivia •
Fiji •
Honduras •
Indonesia •
Jordan •
Sri.Lanka •
Syrian.Arab.Republic •
Turkmenistan •
Viet.Nam •
Cape.Verde •
Egypt •
Equatorial.Guinea •
Guatemala •
Guyana •
Mongolia •
Paraguay •
Philippines •
Kyrgyzstan •
Nicaragua •
Uzbekistan •
Lao.People’s.Democratic.Republic •
Morocco •
Vanuatu •
Botswana •
India •
Nepal •
Bangladesh •
Sao.Tome.and.Principe •
Yemen •
Bhutan •
Ethiopia •
Pakistan •
Solomon.Islands •
Uganda •

TABLE S1: Periods during which countries are expected to pass the HDI value of 0.8 according to the extrapolations. The
rows denote the countries and the columns denote periods of five years. The transitions are indicated with •.
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component slope h corr. coeff.
HDI 8.93 ± 0.31 0.91
GDP 7.34 ± 0.24 0.92
life exp. 7.86 ± 0.48 0.78
education 7.87 ± 0.41 0.83

TABLE S2: Slopes and correlation coefficients of the expo-
nential fits, Eq. (4), applied to the HDI and it’s components.
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ABSTRACT   

 

COSTA, L., TEKKEN, V., and KROPP, J., 2009. Threat of sea level rise: Costs and benefits of adaptation in 
European Union coastal countries. Journal of Coastal Research, SI 56 (Proceedings of the 10th International 
Coastal Symposium), 223 – 227. Lisbon, Portugal, ISSN 0749-0258 

The unavoidable physical consequences of increased sea-level due to global warming and the large concentration 
of socio-economic and natural assets at the coast raise much concern about possible economic damages. When 
discussing climate related threats with decision makers, cost-benefit analyses that support decisions are often 
demanded. The Dynamical Interactive Vulnerability Tool (DIVA) allows calculating the benefits of a normative 
coastal protection target versus a business as usual (BAU) scenario for the European Union (EU) coastal states. 
Results show that for most EU coastal countries long-term economic benefits are expected for a well-defined 
adaptation strategy during the second half of the 21st century. By 2100, about 200 bio $US are expected to be 
avoided if all EU coastal countries target the 100 year coastal protection goal. The situation is not equal for all 
countries, for some like Netherlands and Irish Republic large benefits up to 5.5% of the 2007 GDP are expected, 
while for countries like Estonia and Cyprus the adaptation level chosen proved to be too costly when compared 
with the impact costs of a BAU scenario.  

ADITIONAL INDEX WORDS: Vulnerability, Avoided Impacts, Cumulative Costs, Decision Making 
 
 

INTRODUCTION 
 

Sea-level rise is one of the most important impacts of Climate 
Change (JEFFREY, 2007) and the high concentration of valuable 
socio-economic and natural assets on coastal zones raises much 
concern about possible economic damages and ecological 
consequences.  

Today, coastal zones are negatively affected by a number of 
factors such as significant urbanizing trends (NICHOLLS, 2002)  
and high population density about three times higher than global 
average (SMALL and NICHOLLS, 2003). MCGRANAHAN (2007) 
estimated that globally 10% of the world’s population and 13% of 
the urban dwellers are located within coastal areas below 10 
meters elevation. This exacerbates socio-economic vulnerability 
and constrains the adaptation capacity of coastal systems that face 
changes on future sea-level (cf. (ERICSON and VÖRÖSMARTY et al., 
2006)).  

Despite being said that coasts are facing the prospect of a global 
sea-level rise, it does not mean that sea-level is increasing equally 
around the world. Local change in sea level at any coastal location 
depends on the sum of global, regional and local factors and is 
termed relative sea-level change (NICHOLLS, 2002).  Over the 
main time scale of human concerns, relative sea-level is the sum 
of three components: global mean sea-level rise, regional meteo-
oceanographic factors and vertical land movement (CHURCH and 
GREGORY et al., 2001). As long as global sea-level trend is small, 
regional processes can prevail and significantly influence relative 
sea-level rise (e.g. land downlift by gas and oil exploitation), 

nevertheless, a more pronounced global sea-level rise is likely to 
overcome these local effects.  

In the 20th and 21st century, global mean sea-level rise is 
primarily caused by thermal expansion of the upper ocean layer 
and melting of small ice caps due to human induced global 
warming (CHURCH and GREGORY et al., 2001). Despite of this 
known fact, understanding global sea-level change is a difficult 
physical problem  (RAHMSTORF, 2007) and much scientific debate 
was raised when the IPCC 4th Assessment Report pointed out, 
depending on the socio-economic scenario, a rise of sea level 
between 0.18 an 0.59 meters by 2100 when compared to the 1980-
1999 level. These numbers are believed to be underestimated and 
a global mean sea-level rise of over 1 meter by 2100 for strong 
warming scenarios cannot be ruled out (RAHMSTORF, 2007). In 
addition, recent alarming messages were reported, i.e. global 
warming is accelerating and Greenland ice sheet is melting twice 
faster than assumed by science. In particular these melting glaciers 
will have an important impact on future sea level. Besides the 
dispute about the exact values of future sea-level rise, it is certain, 
due to physical effects, that even if global warming is stabilized 
today global mean sea-level will continue to rise through the 21st 
century due to oceanic thermal inertia (WIGLEY, 2005). 

 
Although a global mean sea-level rise will very likely have a 

negative impact on low lying coastal areas, the most destructive 
effects to coastal zones originate from the occurrence of storm 
surges. Coastal zones are facing the prospect of changing storm 
statistics due to anthropogenic climate change, with mean sea-
level rise adding to the height of the storm surge (WOTH and 
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WEISSE et al., 2006). If the frequency of extreme storm surges 
events becomes shorter several socio-economic issues arise. The 
continued repair of damaged human infrastructures may start to 
become economically unsustainable, evacuating persons during 
storm surges events may also become more frequent and increased 
land lost will threaten the already stressed ecological ecosystems. 

 
In the European Union (EU) coastal countries, human 

population and natural systems will become more vulnerable due 
to an increase of physical exposure to sea-level rise. Although 
these countries have the capacity to adapt, at least in terms of their 
financial strength, it is not certain that adaptation measures 
regarding sea-level rise are easily implemented on future coastal 
planning strategies. The endless debate on future sea-level rise 
projections, low risk perception (cf. (EISENACK and TEKKEN et al., 
2007)) due to the long time scale of the phenomenon and the fact 
that decisions at the coasts have long term implications are sources 
of uncertainty to decisions makers and may induce delay in 
adaptation actions. On the other hand, without adaptation, the 
high-end sea-level rise scenarios, combined with other climate 
changes (e.g., increased storm intensity) will likely turn some 
islands and low-lying areas unviable by 2100 (NICHOLLS and 
WONG et al., 2007). 

 
When discussing climate related threats with decision makers, 

cost-benefit analyses are often demanded in order to support 
decisions. This demand is understandable, but not very realistic. 
Calculated numbers depend on a variety of assumptions, e.g. on 
the economic and demographic developments or on mankind’s 
decisions regarding climate protection. Since nobody can forecast 
these developments, vulnerability assessments are a useful tool to 
close gaps between impact analysis and necessary adaptation 
strategies by identifying the hotspots for action. Experiences show 
that this can help decision makers to implement strategic actions 
(KROPP and BLOCK et al., 2006). The advantage is that 
vulnerability analyses make situations comparable and allow to 
assess where future action is most urgently needed.  

Consequently, we use the Dynamical Interactive Vulnerability 
(DIVA) Tool (HINKEL and KLEIN, 2003) to assess damage and 
adaptation costs for the European countries for two different 
scenarios: A consequent coastal adaptation under a predefined 
protection level and a non-adaptation scenario, i.e. the current 
coastal situation is only preserved and no further coastal 
protection policies take place. 

METHODS 

The DIVA tool 
 

The Dynamical Interactive Vulnerability Tool (DIVA) is a 
geographic information system consisting of several modules. 
Globally it comprises 12148 coastal segments with similar 
physical characteristics (cf. (MCFADDEN and NICHOLLS et al., 
2007)). For each segment DIVA provides a multitude of 
parameters such as population density, wetland area, frequency 
and height of storm surges and area flooded.  

The parameters are used as input for the several modules of 
DIVA which represent specific knowledge domains or scientific 
disciplines, e.g.: the flooding module calculates the flooding of 
low-lying coastal areas due to the combined effects of storm 
surges and sea-level rise. The costs of sea-level rise impacts on 
certain sectors, e.g. agriculture or housing, are estimated by a 

costing module (cf. e.g. (TOL, 1995)). For a more detailed 
description of the modules please see (HINKEL and KLEIN, 2004). 
 
Besides some necessary criticism regarding the DIVA tool, e.g. 
with regard to the internal economic valuing or to its coarseness, it 
is a useful instrument to provide a comparable overview. Thus, 
calculations are based on pre-selected assumptions of a climate 
forcing scenario and coastal protection targets (which are normally 
policy goals), to estimate costs for adaptation and benefits for 
different categories (Table 1). 

Scenario assumptions 
 

Due to the fact that sea-level rise is possibly underestimated we 
use the A2 forcing for calculation of sea-level rise. For the EU 
coastal countries this translates into a range of sea-level increase 
between approximately 50 cm for Spain and 1 meter for the 
Netherlands. 

Damage and adaptation costs for the EU coastal countries were 
calculated using two different sets of adaptation options: a 
business as usual (BAU) scenario and an adaptation (ADP) 
scenario. For the BAU scenario, it was assumed that no adaptation 
would occur; this implies that no new dikes would be constructed 
and the existing coastal protection infrastructures will be 
maintained only. For the ADP scenario a minimum protection 
level of 100 years is assumed (as it is common in several 
European countries) meaning that that the coast should at least be 
protected against a 100 year flood event.   

Costs and benefits of adaptation 
 

For each EU coastal country, total costs (Tc) of sea-level rise 
for both scenarios are calculated according to the following 
equation: 

)( AITc +=  
 

I is the sum of sea flood, river flood, salinity intrusion, land loss 
and human migrations costs, while A is the sum of the costs for 
sea and river dike construction, beach, wetland and tidal 
nourishment.  
 

Avoided impacts (Ai) are assessed using the expression: 
 

)( ADPBAU IIAi −=  
 

Where IBAU and IADP are, respectively, the impact costs 
calculated in the BAU and ADP scenarios. 

 
 
 

Table 1: Impact and adaptation cost categories provided by 
the DIVA tool  

Impact costs Costs of adaptation 
Sea flood costs Sea dike costs 

River flood costs River dike costs 
Salinity intrusion costs Beach nourishment costs 

Land loss costs Wetland nourishment costs 
Human migration (due to 

land loss) costs Tidal basin nourishment costs 
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Costs of adaptation (Ac) are provided by the equation:  
 

)( MAAc ADP −=  
 

M refers to the costs of maintenance options taken forward in 
the BAU scenario. AADP represents the costs of adaptation in the 
ADP scenario, these include the construction of new dikes and 
further nourishment, the difference of these two costs (Ac) are 
therefore the adaptation costs. 

 
Theoretic benefits of adaptation options to sea-level rise for a 

given EU coastal country (Tb) can be estimated by comparing the 
two previous cost categories: 

 
AcAiTb −=  

 
If Tb is positive, it means that the avoided impact costs are 

higher than the costs necessary for adaptation. On the other hand, 
if Tb is negative, it means that the costs for achieving a 100 year 
coastal protection level are higher when compared with the costs 
of avoided impacts.  

 
Total costs alone do not reflect the complete degree of a 

country’s vulnerability. For example, countries facing the prospect 
of high economic losses might also have the economic strength to 
cope with such scenario. On the other hand, countries with 
comparatively lower projected costs might be unable to implement 
the costly adaptation measures and still face the economic losses 
of increased sea-level rise impacts. In other words, some measure 
of adaptive capacity should be included. It is therefore reasonable 
that all cost categories projected for the EU coastal countries are 
normalized to the country GDP (2007) (calculated in terms of 
Purchasing Power Parity (PPP$) extracted from the Central 
Intelligence Agency World Fact Book), providing an idea of the 
economic capacity of a country to deal with the rising costs of sea-
level rise. This approach allows costs of sea-level rise impacts and 
adaptation for different countries to be inter-compared.  

RESULTS 
 

Total costs (Tc) regarding all EU coastal countries reveal that 
cumulative costs for the BAU and ADP scenario have a similar 
magnitude during the first half of the 21st century with costs for 
the ADP scenario ranking higher (Figure 1). Both scenarios show 
a steady and approximately linear rise of costs until 2050. From 
here on the curve representing costs related to the BAU scenario 
acquires an exponential shape overcoming the ADP scenario costs 
by 2075 remaining higher until the end of the century. By 2100, 
cumulative costs of adaptation and impacts in the EU coastal 
countries for the BAU scenario range up to 550 bio US$ wile 
expected costs for the ADP scenario are of about 350 bio US$. 
According to this, a total of 200 bio US$ can be avoided if all EU 
coastal countries engage on adaptation measures aiming for a 100 
year protection level. 

 Nevertheless this does not imply that for all countries the 
benefits are only achievable beyond 2075. While for Finland the 
coastal protection falls below the 100 year target around 2075, for 
Germany this holds for 2050 and for Estonia already for 2015 
implying that costs and benefits of coastal protection are very 
uneven distributed for the EU countries. 

 
Most EU coastal countries will face higher total costs due to 

enhanced sea-level rise by 2100 following a BAU policy when 

compared with the ADP scenario. Netherlands is by far the 
country facing the highest costs. With regard  to the BAU 
scenario, nearly 25% of its 2007 GDP will be necessary for the 
next 100 years to cope mostly with impacts caused by increase 
sea-level and dike maintenance. Costs for Denmark, Belgium and 
Republic of Ireland are expected to stay below 10% while for the 
remaining EU coastal countries losses are not higher than 5% of 
the 2007 GDP.   

  
 Results for the avoided impacts (Ai) and adaptation costs (Ac) 

by 2100 reveal that most EU coastal countries are expected to 
avoid substantial economic losses (up to 5.6% of 2007 GDP) due 
to the implementation of adaptation measures (Figure 2). Republic 
of Ireland and Netherlands are the countries with higher avoided 
cumulative impact costs by 2100. Countries like Belgium, France, 
Portugal and Germany may achieve substantial reductions of sea-
level rise impact costs with rather low costs on adaptation. For 
Portugal and Germany costs of adaptation are, respectively, only 
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0.4 and 0.01% of the 2007 GDP. These values are six and fourteen 
times lower than costs of impacts by 2100. Such numbers show 
well the economic advantages in the long run of the normative 
decision for 100 year coastal protection for both countries.  

Despite a large prevalence of lower costs for the ADP scenario 
across the EU coastal countries, there are some examples where 
higher costs for adaptation are expected. In other words, following 
the BAU strategy adopted in his paper could be economically 
more rational for countries like Estonia, Cyprus, Finland, 
Bulgaria, Spain, Lithuania, Slovenia and Malta. The case of 
Estonia is the most extreme one, with costs for adaptation that are 
about five times higher than the expected avoided impacts.  

 Its no surprise therefore that Estonia and Cyprus appear in 
Figure 3 as the EU coastal countries with no expected theoretic 
benefits (Tb) regarding the chosen adaptation level in this study. 
The losses for Estonia and Cyprus are of almost 6% and 1 % of 
their 2007 GDP respectively. Countries like Spain, Finland, 
Lithuania, Bulgaria, Slovenia and Malta also present economic 
losses due to the chosen adaptation options; nevertheless, these do 
not overcome 0.2% of the 2007 country GDP. 

 Netherlands leads the ranking of countries expecting economic 
benefits from adaptation to sea-level rise with a value of just over 
5% of its 2007 GDP by 2100. With theoretic benefits up to almost 
3%, Republic of Ireland is the second EU coastal country that has 
more to gain from the implementation of adaptation options. For 
the remaining EU coastal countries the theoretic benefits are 
below 2.2 % of its GDP by 2100. 

 
 
 

 
 
 
 
 

DISCUSSION 
 
For all European Union coastal nations we estimated the total 

costs of sea-level rise in case of a business as usual scenario and 
for a predefined adaptation scenario using the DIVA tool. 

Results indicate that most EU costal countries are expected to 
benefit, in the long run, from predefined adaptation options to sea-
level rise. Nevertheless, for some countries, achieving the 
predefined adaptation level assumed in this study revealed to be 
more costly than the costs of potential impacts in a BAU scenario.  

For some countries the results were astonishing, e.g. for 
Estonia. At the first glance it is not easy to interpret why Estonia 
should benefit from a BAU strategy. In-depth analysis reveals that 
this behavior is consistent: Estonia  currently has no or only few 
dikes. In this context a normative protection level like assumed in 
our analysis makes it necessary that large kick-off investments are 
taken forward in only a few years. In addition, it might be that 
these costs are higher today than in the future.  

 
Among the countries that expect theoretic benefits, differences 

regarding the proportion of necessary costs with adaptation and 
avoided damages were found. For example, Portugal, Belgium and 
Greece present approximately the same level of avoided impact 
costs; nevertheless, the amount of GDP necessary for 
implementing the predefined adaptation options is considerably 
different. Belgium is expected to spend ten times less of its 2007 
GDP than Portugal in order to obtain similar benefits on the long 
run, furthermore, the adaptation costs in Portugal are almost four 
times lower than the ones in Greece for the same adaptation level 
and identical avoided damage costs. This distinct behavior may be 
due to the combined effects of three factors: coastal length, 
amount of low lying areas and existing coastal defenses.  

The relative small costal length of Belgium (65 Km) associated 
with the fact that about 60% of the coastline already has some 
form of coastal defence structure leads to considerable low 
amounts of adaptation costs. Despite this, Belgium accounts for a 
large extent of low lying coastal areas important for beach tourism 
and agriculture (ALLAERT, 1996). The avoided impacts are 
therefore potentially high. On the other hand, Portugal would have 
to invest in new infrastructures for coastal protection such as river 
and sea dikes; these are known to be costly, increasing  the costs 
of adaption. Regarding Greece, the lengthy coast may be the main 
reason for considerably higher adaptation costs than in Portugal.  

CONCLUSIONS 
 

Results show that a costal adaptation strategy for 100 years like 
the one explored in this paper will provide economic benefits in 
the second half of the 21st century for almost all EU coastal 
countries. Considerable amounts of damages can be avoided by 
relative low investments on coastal adaptation for most EU coastal 
member states. Nonetheless, due to the fact that for adaptation and 
damage costs the assumptions are valid, DIVA tool provides 
comparable results for Europe’s coastal countries. 

  
Summing up, we feel that DIVA is a useful tool to support 

decision makers, although upgrades in terms of its spatial 
resolution, its dynamical implementation and its valuing modules 
would be useful. On the other hand, and according to the 
arguments provided in the introduction, absolute certainty about 
the future will not be possible. Given the complexity of the system 
and the inherent irresolvable uncertainty, it must be accepted that 
we have to deal with weak and soft prognoses, which are 
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Figure 3. Theoretic benefits of adaptation for the EU coastal 
countries by 2100  
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nevertheless often based on state of the art methodologies (KROPP 
and SCHEFFRAN, 2007).  

So far the normative protection target can only be defined for a 
whole country, this implies that in its current form the DIVA tool 
can only provide costs on a high aggregated level and cannot 
distinguish which coastal regions of a given country expect higher 
costs. Here further improvements are possible. One the other hand, 
and despite of these limitations, further analyses show (e.g. for 
Singapore) that the economic effects estimated are in line to those 
estimated by econometric approaches (NG and MENDELSOHN, 
2005) 

DIVA results provide an indication on possible economic 
benefits of long term adaptation policies, an indication that future 
coastal policies should be anticipatory rather than reactive. 
Anticipatory decisions on adaptation options to sea-level rise, 
namely the construction of new infrastructures, need to be made in 
face of the large uncertainty about future climate scenarios. There 
is a need to think in a risk and uncertainty based manner rather 
than looking for deterministic solutions.  
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Review of sea-level projections for the 21st century

A number of recent studies in Tab. A support the growing evidences that IPCC 4AR

numbers concerning sea-level rise by the end of 21st century have possibly bee underes-

timated. Due to large uncertainty of both physical Narrowing future ranges of sea-level

by looking at current knowledge seems unlikely in the near future. Differences in scenario

range, confidence intervals, ice dynamics assumptions and baseline numbers of sea-level

make projected numbers hard to compare. In Tab. A additional methodological details

and associated scenarios are shown.

LXX



Author Lower
limit

Upper
limit

Details

4AR 2005 18 59 Upper limit under A1Fi greenhouse gas emissions scenario
TAR 2001 11 67 Upper limit under A1Fi greenhouse gas emissions scenario
Horton 2008 54 89 Upper limit under the A2 4AR scenario
Solomon 2008 40 100 Upper limit under CO2 concentrations exceeding 600ppmv
Grinstead
2008

90 130 Upper limit under the A1B 4AR scenario

Ramstorf
2007

50 140 Upper limit for the range of IPCC 4AR scenarios when statistical
error of the fit is included

Vermeer 2010 81 179 Upper limit for the range of IPCC 4AR scenarios when statistical
error of the fit is included

Jevrejeva
2010

59 180 Upper limit for the range of IPCC 4AR scenarios relatively to
1980-2000

Pfeffer 2008 80 200 Upper limit under kinematic scenarios assuming accelerated ice
dynamics

Table A: Sea-level rise projections by 2100 according to various authors and methodologies
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criticism, Matthias Lüdeke for endless and fruitful discussions and Daniel Klein for proof

reading my thesis.

I express a sincere vote of gratitude to my mother, father and sister for their uncondi-

tional support, love and encouragement in all the stages of this work.

Finally I thank Nika Kojevnikova for being a never fading beam of light during the

long path of this dissertation.

LXXVIII


