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Abstract

This thesis describes the development and application of the impacts module of the ICLIPS model, a
global integrated assessment model of climate change. The presentation of the technical aspects of this
model component is preceded by a discussion of the sociopolitical context for model-based integrated
assessments, which defines important requirements for the specification of the model.

Integrated assessment of climate change comprises a broad range of scientific efforts to support the
decision-making about objectives and measures for climate policy, whereby many different approaches
have been followed to provide policy-relevant information about climate impacts. Major challenges in
this context are the large diversity of the relevant spatial and temporal scales, the multifactorial causation
of many ‘climate impacts’, considerable scientific uncertainties, and the ambiguity associated with un-
avoidable normative evaluations. A hierarchical framework is presented for structuring climate impact
assessments that reflects the evolution of their practice and of the underlying theory.

Integrated assessment models of climate change (IAMs) are scientific tools that contain simplified
representations of the relevant components of the coupled society-climate system. The major decision-
analytical frameworks for IAMs are evaluated according to their ability to address important aspects of
the pertinent social decision problem. The guardrail approach is presented as an ‘inverse’ framework
for climate change decision support, which aims to identify the whole set of policy strategies that are
compatible with a set of normatively specified constraints (‘guardrails’). This approach combines, to a
certain degree, the scientific rigour and objectivity typical of predictive approaches with the ability to
consider virtually all decision options that is at the core of optimization approaches. The ICLIPS model
is described as the first IAM that implements the guardrail approach.

The representation of climate impacts is a key concern in any IAM. A review of existing IAMs
reveals large differences in the coverage of impact sectors, in the choice of the impact numeraire(s),
in the consideration of non-climatic developments, including purposeful adaptation, in the handling of
uncertainty, and in the inclusion of singular events. IAMs based on an inverse approach impose specific
requirements to the representation of climate impacts. This representation needs to combine a level
of detail and reliability that is sufficient for the specification of impact guardrails with the conciseness
and efficiency that allows for an exploration of the complete domain of plausible climate protection
strategies. Large-scale singular events can often be represented by dynamic reduced-form models. This
approach, however, is less appropriate for regular impacts where the determination of policy-relevant
results generally needs to consider the heterogeneity of climatic, environmental, and socioeconomic
factors at the local or regional scale.

Climate impact response functions (CIRFs) are identified as the most suitable reduced-form rep-
resentation of regular climate impacts in the ICLIPS model. A CIRF depicts the aggregated response
of a climate-sensitive system or sector as simulated by a spatially explicit sectoral impact model for a
representative subset of plausible futures. In the CIRFs presented here, global mean temperature and
atmospheric C@concentration are used as predictors for global and regional impacts on natural veg-
etation, agricultural crop production, and water availability. Application of a pattern scaling technique
makes it possible to consider the regional and seasonal patterns in the climate anomalies simulated by
several general circulation models while ensuring the efficiency of the dynamic model components.

Efforts to provide quantitative estimates of future climate impacts generally face a trade-off between
the relevance of an indicator for stakeholders and the exactness with which it can be determined. A
number of non-monetary aggregated impact indicators for the CIRFs is presented, which aim to strike



the balance between these two conflicting goals while taking into account additional constraints of the
ICLIPS modelling framework. Various types of impact diagrams are used for the visualization of CIRFs,
each of which provides a different perspective on the impact result space.

The sheer number of CIRFs computed for the ICLIPS model precludes their comprehensive pre-
sentation in this thesis. Selected results referring to changes in the distribution of biomes in different
biogeographical regions, in the agricultural potential of various countries, and in the water availability
in selected major catchments are discussed. The full set of CIRFs is accessible via the ICLIPS Impacts
Tool, a graphical user interface that provides convenient access to more than 100,000 impact diagrams
developed for the ICLIPS model. The technical aspects of the software are described as well as the
accompanying database of CIRFs.

The most important application of CIRFs is in ‘inverse’ mode, where they are used to translate im-
pact guardrails into simultaneous constraints for variables from the optimizing ICLIPS climate-economy
model. This translation is facilitated by algorithms for the computation of reachable climate domains
and for the parameterized approximation of admissible climate windows derived from CIRFs. The com-
prehensive set of CIRFs, together with these algorithms, enables the ICLIPS model to flexibly explore
sets of climate policy strategies that explicitly comply with impact guardrails specified in biophysical
units. This feature is not found in any other intertemporally optimizing IAM. A guardrail analysis with
the integrated ICLIPS model is described that applies selected CIRFs for ecosystem changes. So-called
“necessary carbon emission corridors” are determined for a default choice of normative constraints that
limit global vegetation impacts as well as regional mitigation costs, and for systematic variations of these
constraints.

A brief discussion of recent developments in integrated assessment modelling of climate change
connects the work presented here with related efforts.

Keywords: Climate change, climate impacts, integrated assessment, guardrail approach, tolerable win-
dows approach, inverse analysis, climate impact response functions, pattern scaling, ICLIPS



Zusammenfassung

Diese Dissertation beschreibt die Entwicklung und Anwendung des Klimawirkungsmoduls des
ICLIPS-Modells, eines integrierten Modells des Klimawandels (“Integrated Assessment”-Modell). Vor-
angestellt ist eine Diskussion des gesellschaftspolitischen Kontexts, in dem modellbasiertes “Integrated
Assessment” stattfindet, aus der wichtige Anforderungen an die Spezifikation des Klimawirkungsmoduls
abgeleitet werden.

Das “Integrated Assessment” des Klimawandels umfasst eine weiten Bereich von aidtivair
wissenschaftsbasierten Untertzting klimapolitischer Entscheidungen. Hierbei wird eine Vielzahl von
Ansétzen verfolgt, um politikrelevante Informationahér die erwarteten Auswirkungen des Klimawan-
dels zu bancksichtigen. Wichtige Herausforderungen in diesem Bereich sind die grof3e Bandbreite der
relevanten aumlichen und zeitlichen Skalen, die multifaktorielle Verursachung vieler “Klimafolgen”,
erhebliche wissenschaftliche Unsicherheiten sowie die Mehrdeutigkeit unvermeidlicher Werturteile. Die
Entwicklung eines hierarchischen Konzeptmodells erlaubt die Strukturierung der verschiedeatae Ans”
sowie die Darstellung eines mehrstufigen Entwicklungsprozesses, der sich in der Praxis und der zu Grun-
de liegenden Theorie von Studien zur Vulneraailitinsichtlich des Klimawandels wiederspiegelt.

“Integrated Assessment’-Modelle des Klimawandels sind wissenschaftliche Werkzeuge, welche ei-
ne vereinfachte Beschreibung des gekoppelten Mensch-Klima-Systems enthalten. Die wichtigsten ent-
scheidungstheoretischen Axtsé im Bereich des modellbasierten “Integrated Assessment” werden im
Hinblick auf ihre Fahigkeit zur adquaten Darstellung klimapolitischer Entscheidungsprobleme bewer-
tet. Dabei stellt der “Leitplankenansatz” eine “inverse” Herangehensweise zur Witers klima-
politischer Entscheidungen dar, bei der versucht wird, die Gesamtheit der klimapolitischen Strategien
zu bestimmen, die mit einer Reihe von zuvor normativ bestimmten Mindestkriterien (den sogenannten
“Leitplanken”) vertéglich sind. Dieser Ansatz verbindet bis zu einem gewissen Grad die wissenschattli-
che Strenge und Objektiat simulationsbasierter AatZe mit der Bhigkeit von OptimierungsaatZen,
die Gesamtheit aller Entscheidungsoptionen zudesichtigen. Das ICLIPS-Modell ist das erste “Inte-
grated Assessment”-Modell des Klimawandels, welches den Leitplankenansatz implementiert.

Die Darstellung von Klimafolgen ist eine wichtige Herausforderuag“fittegrated Assessment”-
Modelle des Klimawandels. Eine Betrachtung bestehender “Integrated Assessment’-Modelle offenbart
grol3e Unterschiede in der BmKsichtigung verschiedener vom Klimawandel betroffenen Sektoren, in
der Wahl des bzw. der Indikatoren zur Darstellung von Klimafolgen, in deudksichtigung nicht-
klimatischer Entwicklungen einschlie3lich gezielter Anpassungsmalinahmen an den Klimawandel, in
der Behandlung von Unsicherheiten und in derug&sichtigung von “singalien” Ereignissen. “Inte-
grated Assessment’-Modelle, die auf einem Inversansatz beruhen, stellen besondere Anforderungen an
die Darstellung von Klimafolgen. Einerseits muss der Detaillierungsgrad hinreichend sein, um Leitplan-
ken flir Klimafolgen sinnvoll definieren zuddnen; andererseits muss die Darstellung effizient genug
sein, um die Gesamtheit deraglichen klimapolitischen Strategien erkunden nmkén. Grolaimige
Singularigiten lonnen kufig durch vereinfachte dynamische Modelle abgebildet werden. Diese Methode
ist jedoch weniger geeignetifiegulire Klimafolgen, bei denen die Bestimmung relevanter Ergebnisse
in der Regel die Bercksichtigung der Heterogeattvon klimatischen, natuatimlichen und sozialen
Faktoren auf der lokalen oder regionalen Ebene erfordert.

Klimawirkungsfunktionen stellen sich als die geeignetste Darstellung aeguKlimafolgen im
ICLIPS-Modell heraus. Eine Klimawirkungsfunktion beschreibt in aggregierter Form die Reaktion ei-
nes klimasensitiven Systems, wie sie von einem geographisch expliziten Klimawirkungsmoeéief”



reprasentative Teilmenge aglicher zukinftiger Entwicklungen simuliert wurde. Die in dieser Arbeit
vorgestellten Klimawirkungsfunktionen nutzen die globale Mitteltemperatur sowie die atarcspte’
CO,-Konzentration als Rdiktoren tir global und regional aggregierte Auswirkungen des Klimawan-
dels auf natiliche Okosysteme, die landwirtschaftliche Produktion und die Wassewyleafkeit. Die
Anwendung einer “Musterskalierungstechnik” exglicht hierbei die Barcksichtigung der regionalen
und saisonalen Muster des Kligraderungssignals aus allgemeinen Zirkulationsmodellen, ohne die Ef-
fizienz der dynamischen Modellkomponenten zu beadatitigen.

Bemuhungen zur quantitativen Absatziing zukinftiger Klimafolgen sehen sich bei der Wahl ge-
eigneter Indikatoren in der Regel einem Zielkonflikt zwischen der Relevanz eines IndikatdEatf”
scheidungsager und der Zuveassigkeit, mit der dieser bestimmt werden kann, geben Eine Reihe
von nichtmonedien Indikatoren zur aggregierten Darstellung von Klimafolgen in Klimawirkungsfunk-
tionen wird pesentiert, welche eine Balance zwischen diesen beiden Zielen anstreben und gleichzeitig
die Beschankungen bercksichtigen, die sich aus anderen Komponenten des ICLIPS-Modells ergeben.
Klimawirkungsfunktionen werden durch verschiedene Typen von Diagrammen visualisiert, welche je-
weils unterschiedliche Perspektiven auf die Ergebnismenge der Klimawirkungssimulationen erlauben.

Die schiere Anzahl von Klimawirkungsfunktionen verhindert ihre umfassende Darstellung in dieser
Arbeit. Ausgevehlte Ergebnisse zu V@nderungen in deatimlichen Ausdehnung von Biomen, im land-
wirtschaftlichen Potential verschiedenarider und in der Wasservagbarkeit in mehreren grof3en Ein-
zugsgebieten werden diskutiert. Die Gesamtheit der Klimawirkungsfunktionen wigshglicfi gemacht
durch das “ICLIPS Impacts Tool”, eine graphische Benutzercdsé; die einen bequemen Zugriff auf
Uber 100.000 Klimawirkungsdiagramme aryglicht. Die technischen Aspekte der Software sowie die
zugelorige Datenbasis wird beschrieben.

Die wichtigste Anwendung von Klimawirkungsfunktionen ist im “Inversmodus”, wo sie genutzt
werden, um Leitplanken zur Begrenzung von Klimafolgen in gleichzeitige Randbedingungéaria-
blen aus dem optimierenden ICLIPS-Klima-Weltwirtschafts-Modellbersetzen. Diesdgbersetzung
wird ermoglicht durch Algorithmen zur Bestimmung von Mengen erreichbarer Klimaadst{(“reacha-
ble climate domains”) sowie zur parametrisierten Approximatiomsgiier Klimafenster (“admissible
climate windows”), die aus Klimawirkungsfunktionen abgeleitet werden. Der umfassende Bestand an
Klimawirkungsfunktionen zusammen mit diesen Algorithmen aglicht es dem integrierten ICLIPS-
Modell, in flexibler Weise diejenigen klimapolitischen Strategien zu bestimmen, welche bestimmte
in biophysikalischen Einheiten ausgadkie Begrenzungen von Klimafolgen explizit beksichtigen.
Diese Miglichkeit bietet kein anderes intertemporal optimierendes “Integrated Assessment”-Modell. Ei-
ne Leitplankenanalyse mit dem integrierten ICLIPS-Modell unter Anwendung aabifewKlimawir-
kungsfunktionendf Verdnderungen natlicher Okosysteme wird beschrieben. In dieser Analyse werden
so genannte “notwendige Emissionskorridore” berechnet, die vorgegebene édseigén hinsicht-
lich der maximal zudssigen globalen Vegetationsaaderungen und der regionalen Klimaschutzkosten
berticksichtigen. Dies geschieht sowoht €ine “Standardkombination” der drei geklten Kriterien als
auch fir deren systematische Variation.

Eine abschlieRende Diskussion aktueller Entwicklungen in der “Integrated Assessment’-
Modellierung stellt diese Arbeit mit anderen einsadifen Berahungen in Beziehung.

Schlagworter:  Klimawandel, Klimafolgen, Integrierte Bewertung, Fensteransatz, Leitplankenansatz,
Inversanalyse, Klimawirkungsfunktionen, Musterskalierung, ICLIPS
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Introduction

Anthropogenic climate change, caused primarily by the emission of radiatively active gases into the
Earth’s atmosphere, is associated with substantial risks to ecological and social systems worldwide that
call for societal response strategies. The overall objective of climate-related policies is to limit the total
burden associated with mitigation of climate change, adaptation to climate change, and residual climate
impacts. In the wording of the United Nations Framework Convention on Climate Change (UNFCCCQC),
policies are requiretthat would prevent dangerous anthropogenic interference with the climate system”

Despite a strong consensus on the need for scientific support to the decision-making about climate
policies, there are —sometimes heated— debates about the appropriate roles of the science commu-
nity and the policy community in this process. For instance, scientists are sometimes confronted with
the expectation (or desire) of stakeholders that they provide ‘magic numbers’ which would ‘objectively’
specify disputed policy objectives. Major issues for scientists in this context are the incorporation of con-
tentious value judgements in scientific analyses, the handling and communication of uncertain knowledge
and outright knowledge gaps in a way that ‘best’ supports the decision-making process, and the use of
context-dependent information outside the context in which it was originally obtained.

Climate change is probably the most controversial, and possibly the most complex topic where ‘sci-
ence for policy’ is confronted with these challenges. The need for a new approach to the dialogue
between science and policy is reflected, for instance, in the establishment of the Intergovernmental Panel
on Climate Change (IPCC). While the IPCC has helped enormously to build a common understanding
of the nature and importance of the climate problem and of the need and potential for societal responses,
many scientific issues are still the subject of intense debate, including in non-scientific communities.

Major challenges for the formulation and implementation of effective response strategies to the
threats caused by anthropogenic climate change are the global nature of the problem (but with significant
regional heterogeneity in its causes and impacts), the availability of fundamentally different response
options, the large number of decision-makers working at different levels whose coherent action is re-
quired for an effective solution, the pervasiveness of the problem with high stakes involved, the large
uncertainties about many important aspects, the large inertia of key systems, and the strong links of the
climate change problem, and of possible solutions, to other areas of international politics.

Integrated assessment models of climate change (IAMs) are scientific tools that aim at analyzing per-
tinent questions of decision-makers involved in climate policy formulation. These models are simplified
representations of the ‘relevant’ components of the coupled global society-climate system that also need
to consider the characteristics of the decision situation. IAMs combine methods, models, and data from
different disciplines of the natural and social sciences. Given the diversity of response options, pertinent
decision-makers, and characteristic spatiotemporal scales, no single IAM can address all of them equally
well. While there are promising attempts to build modularized IAMs that can flexibly address different



2 INTRODUCTION

stakeholder needs, the majority of IAMs currently in use has been built to address the (perceived) needs
of a limited group of stakeholders with a rather well-defined portfolio of decision options. A key issue
for most current IAMs is to assist in the specification of long-term targets and strategies for the mitigation
of climate change, as demanded by the UNFCCC.

Applications of IAMs take place in a specific decision-analytical framework, which has important
implications for, i.a., the handling of different kinds of uncertainties and the consideration of (necessarily
subjective) value judgements. Decision frameworks traditionally applied in climate policy can be clas-
sified into predictive approaches (with roots in system dynamics) and optimizing approaches (with roots
in optimal control theory). Since the modelling requirements for these two types of analysis are quite
distinct, IAMs typically can only be applied in either predictive or optimizing mode but not in both. A
third category of decision-analytical frameworks are the satisficing approaches, which were first applied
to the climate change topic in the form of tolerable windows and safe landing analyses. The guardrail
approach (or simply ‘inverse approach’) to climate change decision support provides a consistent theo-
retical framework for these ideas. Its fundamental idea is to identify the whole set of climate policies that
are compatible with certain normatively defined minimum requirements. A characteristic of the guardralil
approach is the clear-cut separation between scientific analysis (which includes a characterization of the
prevailing uncertainties) and normative judgements (such as the monetary valuation of a human life in
different countries).

The deterministic version of the guardrail approach has been implemented in the ICLIPS integrated
assessment model. The representation of impacts in ‘inverse’ IAMs such as the ICLIPS model faces
various challenges. On the one hand, guardrail analyses, analogous to optimizing approaches, need
to consider the full range of policy options. This can only be achieved if the dynamics of the system is
represented by highly efficient reduced-form models. On the other hand, the specification of guardrails by
decision-makers requires a portfolio of impact indicators that are both policy-relevant and scientifically
valid. The level of detail needed at this end is more typical of predictive models. These two opposing
requirements have strong implications for the feasibility of certain spatial and temporal scales of analysis,
for the ability of inverse IAMs to consider non-climatic developments and adaptation, for the possibility
to handle uncertainties and, in consequence, for the type of climate impacts (or ‘reasons for concern’)
that can be appropriately considered.

One category of impacts that are amenable for guardrail analyses are large-scale singular events
whose fundamental behaviour can be represented by a reduced-form model driven by a limited set of
external forcings. Such a model has recently been built for the thermohaline ocean circulation, and there
are ongoing efforts to simulate the Asian monsoon in a similar way. In contrast, the work described in this
thesis is concerned with ‘regular’ impacts that would occur even if climate change proceeded smoothly.
These impacts are represented in the ICLIPS integrated assessment model by climate impact response
functions together with algorithms that enable their integration with the other model components.

The core of this thesis is the development and application of the impacts module of the ICLIPS model.
The technical description of this work is preceded and complemented by a discussion of the sociopolitical
context for climate-related decision support (as outlined above), which determines the requirements for
integrated assessment modelling of climate change in general, and for the representation of climate
impacts in particular.

Not all parts of this thesis have the same proximity to the scientific discipline within which it is
submitted for evaluation. The author regards the broad disciplinary background of the work described
here as a necessary consequence of the specific requirements of policy-related science.
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This thesis in the context of normal and post-normal science

The fundamental objective of ‘normal’ science is to seek for truth, whereby consistency with empirical
evidence is the ultimate quality criterion. However, model-based projections of the future evolution of
open complex non-linear systems (such as the Earth’s climate system) can never be ‘correct’ or ‘true’ in a
narrow sense of the word. Furthermore, full empirical validation becomes impossible if the investigation
is concerned with the long-term evolution of a unique system (such as changes to the Earth’s climate
caused by anthropogenic influences).

Since neither the objective nor the quality criterion of ‘normal’ science are fully applicable to as-
sessments of future climate change and its impacts, both of them need to be modified according to the
quality criteria of ‘post-normal’ science. Each disciplinary component applied in a policy-related inter-
disciplinary assessment (e.g., a disciplinary sub-model) is still required to adhere to the quality criteria of
the respective discipline. The selection and integration of these components, however, should be guided
by theirappropriatenesandrelevancerather than by an —ultimately unrealistic— strive fanth.

Obviously, there is no absolute evaluation criterion for the appropriateness of a specific approach in
policy-related science and for the relevance of the results achieved. Both of them are contingent on the
respective policy context, and the evaluation also needs to consider the viability of ‘better’ alternatives.
Consequently, in a situation where the only realistic alternative would be to abstain from an assessment,
conducting an imperfect scientific assessment is likely to be the preferable option if the main imperfec-
tions and their implications for the results are clearly stated.

Research questions

The research described in this thesis addresses the following questions:

e How can climate impact assessments respond to the different information needs of climate-related
decision-makers, given the considerable scientific uncertainties about future climate change and
its impacts?

e What are the key requirements for the representation of climate impacts in integrated assessment
models based on an inverse framework, and what are the advantages and shortcomings of different
approaches to do so?

e How can the high-dimensional domains of regionally specific future climate scenarios be projected
onto a few independent dimensions, such that they can be efficiently explored in inverse analyses
of climate change?

e How can the results of impact simulations be aggregated and visualized in order to identify those
regions and systems which are particularly sensitive to global climate change?

e What are the implications of uncertainties in climate projections derived from different general
circulation models for the simulated climate impacts?

e What is the relative importance of different normative constraints for the climate policy space?

e What are the implications of the results from inverse analyses of climate change for climate policy?
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Background of this thesis

Most of the research covered in this thesis was undertaken within the ICLIPS (Integrated Assessment
of Climate Protection Strategies) project, an international research project initiated and guided by the
Potsdam Institute for Climate Impact Research. (For a comprehensive description of the ICLIPS project,
see Toth, 2003a.) As a consequence, some of the ideas and results presented here were developed by
a closely collaborating interdisciplinary team. Describing exclusively the author’s own contributions
would, at some places, have left the reader with a ‘patchy’ picture of the overall topic. In order to
present a self-contained thesis, some sections contain text based on the work of colleagues in ICLIPS
that is deemed relevant for motivating the author’'s own work. The evaluation of the author’s individual
contribution is enabled by an explicit statement at the beginning of each chapter on the sources of the
work presented therein.

The pronourwe is used throughout the text for the sake of grammatical consistency rather than to
indicate the number of persons that were involved in the development of certain ideas or results.

The main contributions of the author of this thesis are

¢ the development of a conceptual framework for climate impact and adaptation assessments, which
provides a consistent description of the key concepts and their relationships, and its application to
characterize the evolution of the assessment practice and of the underlying theory (Section 2.2);

¢ the application of a pattern scaling technique to develop climate scenarios for the ICLIPS impact
assessment, including an evaluation of the suitability of this approach, and the further development
of a method for combining simulated climate anomalies with historical climate data (Section 3.3);

¢ the conceptualization of climate impact response functions (Section 3.4);

¢ the development of a suite of impact indicators on the basis of (suitably adapted) existing impact
models (Section 3.5);

¢ the specification of various types of impact diagrams, each of which provides a different view on
the high-dimensional result space of the impact models (Section 3.6.2);

e the development of two algorithms for the approximation of admissible climate windows by
parameterized constraints that enable the application of climate impact response functions in
guardrail analyses with the integrated ICLIPS model (Section 3.6.4);

¢ the development of an algorithm for the calculation of reachable climate domains with the ICLIPS
climate model (Section 3.6.5);

¢ the development of the ICLIPS Impacts Tool, a graphical user interface that provides access to the
full set of climate impact response functions developed for the ICLIPS model (Section 3.7);

¢ the production of a comprehensive set of climate impact response functions for natural vegetation
(Section 4.2) and agricultural crop production (Section 4.3); and

e the application of climate impact response functions in guardrail analyses with the integrated
ICLIPS model (Section 4.5).
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This thesis is accompanied by a CD-ROM that contains the ICLIPS Impacts Tool. While this software
is not part of the formal evaluation of this thesis, it may be useful for exploring model results that are not
covered in the text.

Road-map to the text

Chapter 1 provides an introduction into the problem of anthropogenic climate change. Section 1.1 de-
scribes selected aspects of the physics of climate change; Section 1.2 gives an overview of the different
types of impacts potentially caused by climate change; and Section 1.3 presents the principal societal
response mechanisms.

Chapter 2 is devoted to the integrated assessment of climate change focussing on those issues that are
relevant for the representation of climate impacts in integrated assessment models; Section 2.1 provides
an introduction to the topic; Section 2.2 reviews the evolution of climate change impact and adaptation
assessments, Section 2.3 discusses the major decision-analytical frameworks that have been applied in
model-based integrated assessments of climate change; and Section 2.4 presents the structure and the
main features of the ICLIPS integrated assessment model.

Chapter 3 describes the development of the impacts module of the ICLIPS model. Section 3.1 re-
views the representation of climate impacts in IAMs based on ‘traditional’ decision-analytical frame-
works; Section 3.2 describes the requirements and principle options for impacts modelling in ‘inverse’
IAMs; Section 3.3 presents the implementation of the pattern scaling approach for projecting future
climate change in the ICLIPS model; Section 3.4 introduces the concept of climate impact response
functions (CIRFs), which is central to the consideration of climate impacts in the ICLIPS model; Sec-
tion 3.5 presents the impact indicators covered by the CIRFs and the various impact models applied in
their computation; Section 3.6 describes the application of CIRFs and the algorithms developed for the
integration of CIRFs into the ICLIPS modelling framework; and Section 3.7 presents the ICLIPS Impacts
Tool, a graphical user interface that provides convenient access to the large set of CIRFs developed for
the ICLIPS model.

Chapter 4 presents and discusses selected results of the ICLIPS model. Section 4.1 shows reachable
climate domains determined with the ICLIPS climate model; Sections 4.2, 4.3, and 4.4 present CIRFs
for natural vegetation, agricultural crop production, and water availability; and Section 4.5 discusses
results of a guardrail analysis with the integrated ICLIPS model that includes an application of CIRFs
for natural vegetation.

Chapter 5 summarizes the work presented in this thesis, discusses possible approaches for further
development, and connects the work presented here with related efforts in the integrated assessment of
climate change.
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Chapter 1

The climate change problem

This chapter gives an introduction to the problem of anthropogenic climate change. Its main purpose
is to provide a background for the work presented in the subsequent chapters for those readers who are
less familiar with the topic. Section 1.1 describes selected aspects of the physics of climate change,
Section 1.2 gives an overview of the different types of impacts potentially caused by anthropogenic
climate change, and Section 1.3 presents the principal societal response options.

Section 1.1 summarizes information on anthropogenic climate change from the fifst vol-
ume of the IPCC Third Assessment Report (Houghton et al., 2001) and from other cited
references. Section 1.2 reviews various existing classification schemes for climate im-
pacts. Section 1.3 presents a summary by the author of this thesis of the different societal
response options to the climate change problem. This work has been presented in.a much
broader context in Essel (2002a).

1.1 Science of anthropogenic climate change

This section describes the main characteristics of the climate system, the anthropogenic influence on the
climate system, and the observed and projected effects of that influence on climate.

1.1.1 The climate system

The climate systenis the complex system comprised of five major components of the Earth: the atmo-
sphere, the hydrosphere, the kryosphere, the land surface (including the pedosphere), and the biosphere
(see Figure 1.1). These interrelated and open sub-systems are linked through the fluxes of mass, en-
ergy, and momentum at different spatiotemporal scales. The climate system evolves in time under the
influence of its own internal dynamics and because of external forcings. These forcings may have nat-
ural causes (such as volcanic eruptions and solar variations) or anthropogenic causes (such as changing
atmospheric composition and land-use chan@éimateis usually defined narrowly as the statistical de-
scription of weather in terms of the mean and variability of relevant quantities in a region over a certain
period of time. Weathey in turn, is the fluctuating state of the atmosphere, characterized by variables
such as temperature, precipitation, cloud cover, and wind. The classical climate period, as defined by
the World Meteorological Organization (WMO), is 30 years. However, longer periods are necessary to

7
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Figure 1.1: Schematic view of the components of the global climate system (bold), their processes
and interactions (thin arrows), and some aspects that may change due to anthropogenic influence (bold
arrows). Source: Baede et al. (2001)

identify some important climate features such as the distribution of ‘extreme’ weather events. Atmo-
spheric climate is determined not only by atmospheric circulation but also by its interactions with the
large-scale ocean currents and the land with its features such as albedo, vegetation, and soil moisture. A
wider definition of climate thus refers to the state of the climate system as a whole, not just near-surface
atmospheric conditions. Terrestrial climate varies spatially, depending on latitude, altitude, distance to
the sea, land cover, orography, and other geographic features. Climate varies also on various temporal
scales, even in the absence of external forcings (‘internal climate variability’).

Whilst the single most important factor determining the global climate is the level of solar irradiance
at the tropopause, the radiative properties of the atmosphere and the surface are also influential. In
particular, a number of trace gases in the atmosphere, such as water vagolraatbon dioxide (C9),
methane (CHl), nitrous oxide (NO), and ozone (§), affect the radiative balance by absorbing and
emitting infrared radiation and/or short-wave radiation (see Figure 1.2). In the remainder of this text,
we use the term (well-mixed) greenhouse gases (GHGs) to denote all these gases with the exception of
water vapour. Even though the cumulative proportion of well-mixed GHGs in the atmosphere is below
0.1%, they significantly raise the temperature near the Earth’s surface. Whilst the outgoing long-wave
radiation of the atmosphere (235 WAncorresponds to an effective emission temperature-18°C,
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Figure 1.2: The Earth’s global mean energy balance. Source: Baede et al. (2001)

the average temperature of the Earth surface is ab@df Cdue to thisnatural greenhouse effecThe
radiative balance of the atmosphere is also influenced in a complex way by various solid and liquid
particles (aerosols), which exhibit significant spatial variability.

Any change in the components of the climate system or its interactions, or in the external forcing,
may result in climate variations. This thesis is explicitly concerned waiitthropogenic climate change
which is defined as a statistically meaningful variation in either the mean state of the climate or its
variability, persisting for an extended period of time, which is caused by anthropogenic influences on the
climate system. Climate impacts on ecological and social systems are determined by the ‘total climate
variability’, which results from the interaction of natural climate variability and anthropogenic climate
change. A separation of the natural and anthropogenic contribution is only possible on the basis of long
time series, but not for specific weather events (including ‘extreme’ events). The distinction between
these two factors of climate variability is nevertheless important because only the anthropogenically
caused fraction is amenable to societal mitigation actions. The United Nations Framework Convention
on Climate Change (UNFCCC; United Nations General Assembly, 1992) also restricts the term ‘climate
change’ to that fraction of climate variabilityvhich is in addition to natural climate variability, and
which is caused by human interference with the climate systengarticular by GHG emissions.

1.1.2 Anthropogenic influence on the climate system

Through the emissions of GHGs and aerosol precursors and through land use change, humankind has
significantly modified the composition of the Earth’s atmosphere since the industrial revolution (about
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Figure 1.3: Records of changes in atmospheric composition. (a) Atmospheric concentrations,of CO
CH,4, and N O over the past 1000 years. The estimated radiative forcing from these gases is indicated
on the right-hand scale. (b) Sulphate concentration in several Greenland ice cores with the episodic
effects of volcanic eruptions removed (lines) and tota} 8@issions from sources in the US and Europe
(crosses). Source: Albritton and Meira Filho (2001)

1750). Figure 1.3 shows the increase in atmospheric concentrations of the three most important well-
mixed GHGs and of sulphate, the main precursor of anthropogenic aerosols, based on direct atmospheric
measurements and on samples from ice cores and firn. The bulk-oé@i8sions originates from fossil

fuel burning. The rest is due to land-use change, especially deforestation, and cement producgion. CH
is emitted from natural gas activities, coal beds, landfills, and agriculture (rice paddies, ruminants). The
main anthropogenic sources for® are agriculture (nitrogen fertilizer, livestock), biomass burning,

and industrial activities. Owing to their long atmospheric life-times (decades and longer), these GHGs
are spatially well mixed. Aerosol precursors are emitted by fossil fuel and biomass burning. Their
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estimate value while its absence denotes no best estimate is possible. The vertical line about the rect-
angular bar with ‘X’ delimiters indicates an estimate of the uncertainty range. A vertical line without

a rectangular bar and with ‘0’ delimiters denotes a forcing for which no central estimate can be given
owing to large uncertainties. A ‘level of scientific understanding’ index is accorded to each forcing, with

H, M, L, and VL denoting high, medium, low, and very low levels, respectively. Source: Ramaswamy
et al. (2001)

much shorter atmospheric life-times (days to months) causes significant spatial (and temporal) variations
whereby the highest concentrations are observed in the main industrialized regions of North America,
Europe, and Southeast Asia.

The anthropogenic modification of atmospheric composition is associated with changes in in the
radiative energy budget of the Earth’s climate system denoteddistive forcing (For details on the
radiative forcing concept, see Ramaswamy et al., 2001, Appendix 6.1.) Figure 1.4 summarizes the cur-
rent knowledge about the anthropogenic influence on the Earth’s radiative forcing. Two aspects deserve
particular attention. First, the largest positive and best understood anthropogenic influence on radiative
forcing are well-mixed GHGs, which account for an increased forcing of about 2.4 3Wr8econd,
the potentially largest negative yet least understood factor is the indirect effect of tropospheric aerosols,
whereby aerosols modify the microphysical and hence the radiative properties of clouds. The largely
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unknown size of the latter forcing-@ to 0 Wni?) is a key source of uncertainty for the calibration of
climate models. The sum of the individual bars in Figure 1.4 (except the last one) denotes the size of
the anthropogenicallgnhancedyreenhouse effect, which is in addition to thetural greenhouse effect.

For comparison, the influence of solar irradiance change is indicated as well.

1.1.3 Observed response of the climate system

The proof that the climate system has already responded to the anthropogenic forcing requires two steps:
first, thedetectionof climatic changes, and second, thaitribution to anthropogenic perturbations, as
opposed to internal climate variability or natural forcings. This section briefly summarizes the pertinent
knowledge on these issues. Readers with particular interest in the detection and attribution problem are
referred to the pertinent literature, as summarized in Folland et al. (2001) and Mitchell et al. (2001),
respectively.

Climate was earlier defined as the statistical description of the whole climate system, or its atmo-
spheric component. In practical terms, of course, only a limited amount of data about the climate system
can be observed, processed, and thus be used for the detection of changes. Most statements about past
and future climate change use the globally and annually averaged near-surface temperature (AGMT) as
the primary proxy to describe the state of the global climate system. While the power of a scalar variable
to describe a phenomenon as complex as global climate change is clearly limited, AGMT still represents
the best available proxy in most contexts.

Figure 1.5.a depicts the variations of AGMT over the last 140 years. AGMT has increased over
both the last 140 years and 100 years by €.6.2°C, with an intermediate cooling period due to a
masking of the GHG warming by ‘cooling’ aerosols. Figure 1.5.b extends this time series to the last
millennium whereby geographical coverage is restricted to the Northern hemisphere due to limited data
availability. The text notes thdit is likely that the 1990s have been the warmest decade and 1998 the
warmest year of the millenniuntHoughton et al., 2001, p. 3). Other climatic changes observed during
the 20" century that are consistent with model projections include a much stronger increase in night-time
temperatures than in day-time temperatures, in winter and spring over summer and autumn temperatures,
and in land surface over sea surface temperature. They also include significant precipitation changes
that tend to increase the existing gradient between dry and wet regions, an accelerated rise in global
average sea level, and wide-spread decreases in snow cover and ice extent. The noted changes in average
climate characteristics are generally associated with substantial changes in the frequency and severity of
‘extreme’ climate events represented by the tails of the respective distribution.

Concerning the attribution of the observed changes, it is concluded in Mitchell et al. (2001)%hat 20
century climate was unusual, that the observed warming is inconsistent with estimates of internal climate
variability, that the observed warming in the second half of tH& @éntury appears to be inconsistent
with natural external forcing of the climate system, and that the vertical stratification of the observed
warming is inconsistent with natural forcing whereas anthropogenic factors do provide an explanation
of the 20" century temperature change. The knowledge is summarized as folldsre is new and
stronger evidence that most of the warming observed over the last 50 years is attributable to human
activities.” (Houghton et al., 2001, p. 10).
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1.1.4 Projections of future climate change

This section briefly summarizes the available knowledge about future climate change. For a more de-
tailed review, see Cubasch et al. (2001); Giorgi et al. (2001).

Projections of future climate change are based on simulations with numerical models, which are
simplified mathematical representations of the Earth’s climate system. A hierarchy of climate models is
applied, which differ in their spatial and temporal resolution, their coverage of the various components
of the climate system and their relationships, and the associated requirement for computing resources. At
one end of the complexity spectrum, zero-dimensional energy-balance models (‘simple climate models’)
are used to explore global temperature change in response to GHG emissions. These models are partic-
ularly useful for sensitivity analyses and in integrated assessment frameworks that require the evaluation
of many different emission scenarios. At the other end, coupled atmosphere-ocean general circulation
models (AOGCMs) simulate the global carbon cycle, the atmospheric chemistry of all relevant compo-
nents of the atmosphere, and the horizontal and vertical fluxes of heat, mass, and momentum between
many thousand atmospheric and oceanic grid boxes on time scales down to a few minutes. The abbrevi-
ation GCM traditionally stands for ‘general circulation model’. However, it is now increasingly used to
denote ‘global climate model’. Some are spectral models and others use a fixed grid, but for convenience
we will refer to the spatial element of any GCM as a ‘grid box’. Other types of models are applied to es-
timate specific features of future climates. For instance, Earth system models of intermediate complexity
may be used to understand important processes within the climate system, including their interactions
and feedbacks, and to use this knowledge for simulations of future changes. All climate models are
simplified representations of the actual climate system, which limit the accuracy and reliability of their
projections. The primary trade-off to be considered in evaluations of their suitability in a specific context
is the one between scientific detail and computational efficiency.

Projections of future climate change are always uncertain. The respective sources of uncertainty can
be grouped into three broad categories.

Human choice: The freedom of human choice is the primary source of uncertainty about future GHG
emissions in particular and about socioeconomic development in general. Many scenarios suggest
steadily increasing GHG emissions during thé'2&ntury and beyond. The IPCC has recently
developed a number of future emission scenarios, denoted as SRES scenarios, that indicate the
plausible range of future GHG emissions in the absence of an internationally coordinated climate
policy (Nakicenovic and Swart, 2000).

Scientific uncertainty: Climate models used for investigating the effects of anthropogenic perturba-
tions on climate are imperfect representations of the climate system. Limitations of these models
include the need to parameterize sub-scale processes (i.e., processes that occur at spatiotemporal
scales beyond the model resolution), a limited understanding of relevant processes, and insufficient
calibration data.

System-inherent uncertainty: The long-term evolution of complex nonlinear systems, such as the cli-
mate system, is fundamentally unpredictable, even if the governing equations are perfectly deter-
ministic. This unpredictability is obvious on the micro-level (i.e., for individual weather events).

It may, however, extend to the macro-scale if the system evolves close to the boundary of two
attractor basins. Despite these limitations, there is sufficient evidence to suggest that large-scale
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climate variations resulting from external forcings are at least partly predictable. This evidence
includes the generally successful simulation of the climatic effects of forcing changes in the short-
term (e.g., volcanic eruptions), in the mid-term (e.g., past anthropogenic GHG emissions), and in
the long-term (e.g., changes in solar irradiance due to orbital changes).

Figure 1.6 shows the implications of the first two sources of uncertainty for changes in the mean
climate. Figure 1.6.a depicts the anthropogenic emissions ef @@ single most important GHG, for
the six “equally plausible” illustrative SRES emission scenarios. The other panels show the associated
CO, emissions, C@ concentrations, anthropogenic s€missions, global mean temperature increase,
and global mean sea level rise, respectively, as computed by a simple climate model tuned to various
AOGCMs. The range of projected AGMT change between 1990 and 2100 for all SRES scenarios and all
emulated AOGCMs is from 1.4 to 5°€. For comparison, the AGMT difference between the last glacial
maximum ¢ 20, 000 years before present) and the present climate is aroG@dFolland et al., 2001).

The uncertainty about future AGMT change is caused equally by differences between forcing scenarios
and between climate models. The relative importance of scientific uncertainties is larger for most other
climate parameters, such as regional climate changes, changes in precipitation and sea level, and changes
in climate variability and extremes.

The response of the climate system to anthropogenic forcing includes the potential for ‘rapid climate
change’, or ‘large-scale climate singularities’. These terms are used to describe rapid large-scale changes
in the climate system in response to gradual changes in its forcing. Singularities may result from a combi-
nation of thenonlinearityin functional relationships (e.g., the melting point of ice as a physical threshold
in the climate system) and tltemplexityin the climate system, which gives rise to the possibility of pos-
itive feedback loops. Long-term observations as well as experimental studies indicate that smooth, or
‘regular’, behaviour is an exception rather than a rule in the dynamics of complex systems. Dansgaard-
Oeschger oscillations (Dansgaard et al., 1993) as well as Heinrich events (Bond et al., 1992) are obvious
examples of irregular behaviour of the climate system as a result of weak external forcing, which includes
such ‘unpleasant’ features as hysteresis, irreversibility, and path dependence. Recently some important
aspects of irregular climate change were successfully simulated with CLIMBER-2, a three-dimensional
statistical-dynamical Earth system model of intermediate complexity (see, e.g., Claussen et al., 1999;
Petoukhov et al., 2000). Since none of the simulations shown in Figure 1.6 includes the possibility of
rapid climate change, these results do not cover the full range of uncertainties about future mean climate
change.

Figure 1.7 shows the spatial patterns of projected changes in mean temperature and precipitation,
and the reliability of these regional projections, for two forcing scenarios and two seasons. The spatial
patterns of projected changes are largely consistent with the observed climate change duriffy the 20
century. The confidence is greater for temperature than for precipitation projections, and it tends to be
greater at higher latitudes than at lower latitudes.

Assessments of future changes in climate variability and extremes have been made possible only
recently, primarily due to the increasing availability of comparable integrations with different GCMs and
of ensemble integrations from single GCMs. For examples, see Kharin and Zwiers (2aB8hdr and
Palmer (2001); Milly et al. (2002). Changes in some aspects of climate variability are modelled consis-
tently, such as increases in the frequency of extreme precipitation events across the globe. However, for
many other ‘extreme’ phenomena, there is currently insufficient information to assess recent trends, and
to make firm projections for the future.
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Figure 1.6: Global climate projections for the 2icentury based on the six “illustrative” SRES emis-
sions scenarios as computed by a simple climate model. (a)db@ssions; (b) C® concentrations;

(c) anthropogenic SOemissions; (d) temperature increase; (e) sea level rise (not allowing for uncer-
tainty relating to ice dynamical changes in the West Antarctic ice sheet). The bars in (d) and (e) depict
the range of results in 2100 for each of the six scenarios when the simple model is tuned to seven com-
plex climate models (AOGCMs) with a range of climate sensitivities. The various shaded envelopes
in (d) and (e) refer to the range of results for the full range of 35 SRES scenarios rather than the six
‘illustrative’ scenarios. The “Several models all SRES envelope” and the “Model ensemble/average all
SRES envelope” show the results for the full range of scenarios for each of the seven model tunings and
for their average, respectively. In (e), the former case is further split up according to the inclusion or not
of land-ice uncertainty. Source: Houghton et al. (2001)

Model-based climate projections can be used to produce climate scenarios for investigating the im-
pacts of anthropogenic climate change. Depending on the information needs of the impact assessment
and the availability of pertinent models and data, a variety of methods is used to construct such climate
scenarios, as illustrated in Figure 1.8 (see Mearns et al., 2001 for a review). These scenarios differ sub-
stantially in their coverage of different climate variables, in their temporal and spatial characteristics, and
in the consideration of uncertainties. Some scenarios are restricted to deterministic projections of AGMT
change from simple climate models, others focus on possible changes in current modes of interannual
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Figure 1.7: Analysis of inter-model consistency in regional climate projections for two forcing scenarios

and two seasons. GG is the greenhouse gas only case, and GS the greenhouse gas with sulphate case. In
constructing the results, ‘agreement’ was defined as having at least four of the five GG models or three

of the four GS models agreeing, whereby ensemble results were averaged into a single case. (a) Warm-

ing relative to each model’s global warming; (b) precipitation change relative to baseline precipitation.
Source: Giorgi et al. (2001)
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climate variability such as the El Ng-Southern Oscillation (ENSO) and the North Atlantic Oscillation
(NAQ), and still others use sophisticated downscaling methods to produce probabilistic projections of
changes in several climate variables in a specific region.

Climate change projections may be scaled down to spatial scales below AOGCM grid size by using
the AOGCM results as boundary conditions for nested regional climate models or as drivers for sta-
tistical downscaling models. A simpler method has been applied in many model-based climate impact
assessments, including the ICLIPS model. Spatial patterns of climate anomalies derived from GCM ex-
periments are scaled to the transient change in AGMT determined by a simple climate model and then
superimposed onto the baseline climate. This ‘pattern scaling’ approach is shown in grey shading in
Figure 1.8. Its application in the ICLIPS model is described in Section 3.3.

1.2 Impacts of climate change and reasons for concern

Many ecological and social systems are sensitive to the climatic variations associated with anthropogenic
climate change. The most comprehensive review of the scientific knowledge on climate impacts is pro-
vided in the second volume of the IPCC Third Assessment Report (McCarthy et al., 2001). The changes
in regional climate observed during the™@entury have already been accompanied by widespread
changes in a variety of systems, including hydrology, terrestrial and marine ecosystems, coastal zones,
agriculture, fisheries, and human settlements. On the basis of hundreds of scientific studies, the IPCC
concludesThe overall processes and patterns of observations reveal a widespread and coherent impact
of 20th-century climate changes on many physical and biological syst3nsth et al., 2001, p. 927).

Assessments of climate impacts are a crucial source of information for the development of adequate
societal response strategies. To facilitate the evaluation and aggregation of projected impacts, and the
formulation of suitable responses, various classification schemes for categorizing climate impacts have
been developed (Rothman et al., 2003). Many studies classify impacts according to the (economic)
sector affected (such as agriculture, forestry, energy, water resources, health, tourism, etc.); a physical
standpoint focusses on the affected system (atmosphere, aquatic systems, geologic systems, biological
systems including humans, and built infrastructure); a productivist standpoint emphasizes the affected
capital type (manufactured, human, social, and natural); and recent approaches emphasize the different
(interlinked) constituents of human well-being (such as material welfare, health, social relations, security,
freedom, and peace of mind).

In an effort to synthesize the current knowledge about climate impacts, and to structure the science-
policy debate about objectives for international climate policy, Smith et al. (2001) distinguisiefive
sons for concern’about climate change, which are meant‘asvay for readers to think about the
seriousness of climate change impacts”

Risks to unique and threatened systemsienote potential impacts on climate-sensitive systems con-
fined to a narrow geographical range that can nevertheless affect other entities beyond their range,
up to the global level. Examples include tropical glaciers, mangrove ecosystems, coral reefs and
other biodiversity ‘hot spots’, and human settlements, in particular indigenous communities and
the populations of low-lying small islands.

Aggregate damagesrefer to the overall economic or ecological implications of climate change at the
global level, which may be denoted in monetary units or biophysical units. However, the spatial
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Figure 1.8: Some alternative data sources and procedures for constructing climate scenarios for use in
impact assessment. Highlighted boxes indicate the baseline climate and common types of scenario. Grey
shading encloses the typical components of climate scenario generators. Source: Mearns et al. (2001)

and temporal aggregation of impacts is generally not possible without value judgements. Noting
that this category is usually interpreted from an economic, or at least anthropocentric, perspective,
Leemans and Eickhout (2003) suggest to add an additional reason for concern, which relates to
aggregated (regional and global-level) impacts on ecosystems.

The distribution of impacts refers to the heterogeneity of anticipated climate impacts across different

regions and population groups. In particuldhere is high confidence that developing coun-
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Figure 1.9: Impacts of or risks from climate change, by reason for concern. Each row corresponds to a
reason for concern; shades correspond to severity of impact or risk. Global average temperatures in the
20" century increased by 0°€ and led to some impacts. Impacts are plotted against increases in global
mean temperature after 1990. Source: Smith et al. (2001)

Risks associated with extreme weather eventée.g., floods, droughts, and storms) are likely to in-
crease with climate change. Of course, the associated risks fall into one or more of the categories
mentioned above. The reason for treating them separately is largely because these risks have been
largely neglected in (quantitative) impact assessments, mostly due to a lack of suitable climate
projections.

Risks of large-scale singular eventslenote the possibility that the global climate system may show
singular responses to anthropogenic forcing, which could lead to rapid, large, and unexpected
impacts on all spatial scales. The most ‘prominent’ large-scale singularities are a shutdown of
the Noth Atlantic thermohaline circulation and a collapse of the West-Antarctic ice sheet, both of
which have occurred in the past. The possibility of a run-away greenhouse effect due to a positive
methane feedback (from thawing permafrost soils or destabilizing marine methane hydrates) falls
into the same category. Any of these large-scale singularities would affect all other reasons for
concern. In fact, most of them might well dominate impacts on unique and threatened systems, ag-
gregate impacts, and distributional impacts, if they occurred. Since the low predictability of these
events limits the potential for preventive adaptation, it is quite likely that large-scale singularities
in the climate system would propagate as singularities along the causal cascade.

Figure 1.9 presents the synthesis of the IPCC impact assessment in a highly condensed form. Anti-
cipated risks for each reason for concern are indicated qualitatively as a function of the change in global
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mean temperature (GMT). Among various possible indicators for climate change, GMT change was
chosen as the most suitable one, taking into account the uncertainties along various parts of the cause-
effect chain, the ability to consider transient as well as equilibrium impacts, and the dominating practice
in the pertinent literature on climate impacts. Of course, the change in GMT cannot provide the full
picture of anthropogenic climate change. It is also important to consider the rate of change, regional
patterns of climate change, changes in other climate variables, and changes in higher moments of the
distribution. Nevertheless, GMT change is a suitable proxy indicating the magnitude of many of these
aspects.

An alternative yet related approach for structuring and quantifying the diverse risks associated with
anthropogenic climate change was proposed by Jacoby (2003). That approach accounts for different
scales, units, and degrees of aggregation by developing a portfolio of indicators, which consists of

1. global physical variables that can be analyzed in probabilistic terms, including the possibility of
large-scale singularities,

2. impacts that can be measured at regional scale, preferably in natural units, and
3. exercises in monetary valuation of market and non-market impacts at the regional and global scale.

Schneider et al. (2000) classify climate impacts by suggesting “five numeraires” for climate impacts,
which have become widely known as ‘Schneider metrics’. Parry et al. (2001), in contrast, use the number
of people affected as the common denominator for a diverse range of climate impacts.

In this thesis, a comprehensive set of so-called climate impact response functions (CIRFs) is devel-
oped that represent the (simulated) relationship between key variables of global climate change on the
one hand and selected indicators for global and regional impacts of climate change on the other hand.
These CIRFs are then used by the ICLIPS climate-economy model to determine the set of climate pro-
tection strategies that are compatible with normatively defined ‘impact guardrails’. Figure 1.10 shows an
exemplary CIRF that depicts the percentage of biomes worldwide that were simulated to become inviable
across a range of changes in climate (indicated by global mean temperature) aodn€eéntration. The
purpose of showing this diagram is to provide the reader with a ‘picture’ of a CIRF that aids the under-
standing of the more technical discussion in later chapters. For a detailed explanation of this response
surface and the methods used to determine it, the reader is referred to Chapter 3.

1.3 Societal response options

The substantial risks associated with anthropogenic climate change have motivated considerable interest
in risk-reducing policies. The fundamental options for limiting the adverse impacts of anthropogenic
climate change can be classified as follows:

Mitigation of climate change refers to confining global climate change by reducing the emissions of
GHGs and/or enhancing their sinks.

Adaptation to climate change moderates the adverse effects of climate change through a wide range of
actions that are targeted at the vulnerable system or population. The choice of a suitable adaptation
strategy depends on the considered system and the types of climatic and non-climatic stressors that
it is, or will be, exposed to.
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Figure 1.10: An illustrative climate impact response function showing the percentage of current biomes
worldwide (on the vertical axis) that would become inviable across a range of changes in global climate
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on
Mitigation Adaptation
of climate change to climate change
Target systems All systems Selected systems
Effectiveness Certain Less certain
Scale of effect Global Local to regional
Time until effect Decades Often immediate
Duration of effect  Centuries Years to centuries
Secondary benefits Sometimes Often
Polluter pays? Yes Not necessarily

Monitoring

Relatively easy More difficult

Table 1.1: Key characteristics of mitigation and adaptation

Information collection denotes measures that facilitate mitigation and/or adaptation by improving the
pertinent information base. These measures include basic and applied scientific research, policy
analysis, and efforts to improve data collection and exchange.

Key characteristics of mitigation and adaptation are summarized in Table 1.1. Mitigation has tradi-
tionally received much greater attention than adaptation in the climate change community, both from a
scientific and from a policy perspective. Important reasons for the focus on mitigation are, first of all, that
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mitigating climate change helps to reduce impacts on all climate-sensitive systems whereas the potential
of adaptation measures varies substantially across different systems and communities. It is, for instance,
difficult to conceive how the population of Pacific coral atolls could ‘successfully’ adapt to substantial
levels of sea-level rise. Second, reducing GHG emissions applies the polluter-pays principle whereas
the need for adaptation measures will be greatest in developing countries whose historical contribution
to anthropogenic climate change has been rather limited. Third, GHG emission reductions are relatively
easy to monitor quantitatively, both in terms of their absolute amount and as deviation from an estab-
lished baseline. It is much more difficult to measure the effectiveness of adaptation in terms of avoided
impacts, or to ensure that international assistance to facilitate adaptation would be fully additional to
existing development aid budgets.

In spite of the need for mitigation there are also convincing arguments for a more comprehensive
consideration of adaptation as a response measure to climate change. First of all, given the amount of
past GHG emissions and the inertia of the climate system, the Earth is already bound to some degree of
climate change that can no longer be prevented even by the most ambitious emission reductions. Second,
emission reductions take several decades to become fully effective whereas most adaptation measures
have immediate benefits. Third, adaptations can be implemented on a local or regional scale, which
makes them less dependent on the actions of others. Fourth, most adaptations to climate change also
reduces the risks associated with current climate variability, which already constitute a significant threat
in many regions now.

Anthropogenic climate change is an inherently global problem, which calls for a globally coordinated
response. The UNFCCC and the Kyoto Protocol provide the legal framework for climate policy at the
international level. The UNFCCC, which came into force in 1994, provides a framework for mitigation
and adaptation actions, itimposes reporting requirements on all countries, and it establishes regular Con-
ferences of the Parties. However, legally binding quantified mitigation objectives were only introduced
in the Kyoto Protocol to the UNFCCC. The Kyoto Protocol was agreed in 1997 but its coming into force
is still contingent on ratification by either the USA or the Russian Federation.

The work presented in this thesis is concerned with the development of integrated assessment models
of climate change that focus on an operationalization of the objective of the UNFCCC, as specified in its
Article 2:

“The ultimate objective of this Convention and any related legal instruments that the
Conference of the Parties may adopt is to achieve, in accordance with the relevant provi-
sions of the Convention, stabilization of greenhouse gas concentrations in the atmosphere
at a level that would prevent dangerous anthropogenic interference with the climate system.
Such a level should be achieved within a time-frame sufficient to allow ecosystems to adapt
naturally to climate change, to ensure that food production is not threatened and to enable
economic development to proceed in a sustainable manner.”

(United Nations General Assembly, 1992)

A few things are worth noting here. First, stabilization of atmospheric concentrations eventually
requires very low net emissions of GQwvhich does not have an atmospheric sink) yet allows for non-
zero emissions of CHand N,O (which have an atmospheric sink). Second, the operationalization of this
rather vaguely defined objective depends crucially on information from a wide range of climate change
assessments. The classification of climate impacts into five reasons for concern (see Section 1.2) has
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been developed explicitly to provide a suitable framework for structuring the pertinent knowledge. Third,
there is a consensus that any decision about what would constitute “dangerous anthropogenic interference
with the climate system”, and which risk of failing to prevent a dangerous interference might be accepted,
represents ultimately a value judgement that has to be made by the responsible political decision-makers
in the presence of large uncertainties (Watson and the Core Writing Team, 2001). Thus, scientists can
neither define whether a specific impact (or set of impacts) of climate change is ‘dangerous’, nor can they
forecast with certainty at which level of climate change, or greenhouse gas concentrations, a specific
impact would occur. Several decision-analytical frameworks for the interaction between the scientific
and decision-making communities in the formulation of climate policies are explored in Section 2.3. For
a detailed discussion of the scientific, economic, legal, and ethical aspects that are relevant for specifying
long-term goals for climate policy consistent with the objective of the UNFCCC, the reader is referred,

e.g., to Schoder et al. (2002).



Chapter 2

Integrated assessment of climate change

The term ‘integrated assessment of climate change’ denotes a broad range of efforts in which scientific
knowledge from different disciplines, often combined with other types of knowledge, is applied to pro-
vide policy-relevant information for climate change decision-making. This chapter discusses selected
aspects of the topic that are relevant for the representation of climate impacts in integrated assessment
models. Section 2.1 gives an introduction to integrated assessment in general, and to its application in
the climate change context. Section 2.2 reviews the evolution of climate change impact and adapta-
tion assessments and presents a conceptual framework for structuring the different types of assessments.
Section 2.3 reviews the major decision-analytical frameworks that have been applied in model-based
integrated assessments of climate change. The guardrail approach to climate change decision support
is described in some detail, including its mathematical foundations. Section 2.4 concludes this chapter
with a presentation of the ICLIPS integrated assessment model (except the impacts module, which is
described in detail in Chapter 3).

Section 2.1 is a review of key issues for the integrated assessment of climate change by
the author of this thesis. Section 2.2 summarizes work by the author of this thesjs from
Fussel and Klein (2002a,b);l5sel (2002a). Section 2.3 presents the author’s review of
decision-analytic frameworks, which is largely based on publications of several members
from the ICLIPS group (Toth and Mwandosya, 2001; Toth et al., 1997; Bruckner et al.,
1999; Petschel-Held et al., 1999; Bruckner et al., 2003b; Kleinen et al., 2003) with minor
contributions from the author. Section 2.4 on the ICLIPS integrated assessment| model
presents work from the ICLIPS group (Bruckner et al., 1999, 2003b; Toth et al., 2002,
2003a) with major contributions from the author.

2.1 Introduction

The overall objective of climate-related policies is to limit the total burden associated with mitigation
of climate change, adaptation to climate change, and residual climate impacts. This general objective
is taken up in the UNFCCC, whereby the focus lies on mitigation policies (“stabilization of greenhouse
gas concentrations”) and on the application of the ‘polluter pays’ principle (“common but differentiated
responsibilities”). The implementation of the UNFCCC in general, and of its ultimate objective in par-

25
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ticular, poses many intricate questions to science and international policymaking alike. Tackling these
guestions requires a problem-oriented transdisciplinary approach in a way that is generally described
as ‘integrated assessment’ (IA). Rothman and Robinson (1997) describe“éh astempt to provide

a broad evaluation of impacts, costs, benefits and response options associated with multiple aspects of
particular environmental issues’A is distinguished from more traditional disciplinary science by two
aspects:For a study to be integrated, it must reach beyond the bounds of a single discipline and consider
more than [...] one aspect of the problamder consideration” The assessmerdimension of IA is
reflected in the purpose of 1Ao inform policy and decision-making, rather than to advance knowledge

for its intrinsic value” (Weyant et al., 1996).

IA has been developed to provide policy-relevant information about complex environmental prob-
lems. Hence, most IAs address strongly linked, complex, adaptive human-environment systems. The
purpose of IAMs is not to forecast the future but to optimize current decisions. Therefore, the norma-
tive evaluation of facts and uncertainties generally plays an important role, and the relevance of cer-
tain aspects of the problem depends strongly on the (perceptions of the) respective decision-maker(s).
Policy-related assessments are alternatively characterized as “mandated”, “vernacular”, “civic”, and
“post-normal” science (Funtowicz and Ravetz, 1992). Saloranta (2001) has shown that climate change
science around the IPCC can, to a relatively large extent, be characterized as “post-normal”.

Transdisciplinary assessments of the climate problem involve the crossing of various frontiers, in par-
ticular those between natural and social sciences, between descriptive and normative disciplines, between
descriptive and normative aspeuatishin disciplines, and between scientific and non-scientific knowledge
(Schoder et al., 2002). However, actual assessments vary significantly in their use of ‘non-scientific’
and qualitative knowledge, and in the emphasis put on uncertainties and the complex rationality of the
decision-making process.

IA applies a variety of tools and techniques, such as mathematical simulation models, expert panels,
social discourses, simulation/policy exercises, and collaborative interdisciplinary research teams. Owing
to the complexity of the problem, the long time horizon, and the global scope, 1As of climate change are
dominated by the application of computer-based models.

Integrated assessment models of climate change (IAMs) are scientific tools that seek to provide ad-
vice to policy-makers involved in the decision-making process by providing a coherent synthesis of
important aspects of climate change. They assemble knowledge from different disciplines to analyze the
complex interdependencies between economic development, greenhouse gas emissions, climate change
and its impact on various climate-sensitive systems. Depending on the particular model, the disciplines
involved may include climatology, chemistry, ecology, agricultural science, epidemiology, risk analysis,
economics, social geography, law, political science, game theory, ethics, and others. I1AMs are exem-
plars of the “digital-mimicry principle”, which is one of the key constituents of the “second Copernican
revolution”, a term suggested by Schellnhuber (1999) to denote recent scientific attenypiderstand
the ‘Earth system’ as a whole and to develop, on this cognitive basis, concepts for global environmental
management”

Mathematical models are particularly useful to analyze the effects of system interactions and feed-
back mechanisms, and to provide indications of the potential range and magnitude of global climate
change and of the scale of the interventions that are necessary to prevent or mitigate specific impacts.
Limitations of formal models are an ‘exclusionary bias’ (i.e., a strong bias in favour of quantifiable infor-
mation) and a bias of ‘misplaced correctness’ (i.e., the inadequate communication and use of uncertain or
value-laden model results). In response to these problems, Funtowicz and Ravetz (1990) have developed
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the NUSAP (numeral, unit, spread, assessment, pedigree) system to describe qualitative and quantitative

uncertainties in information that is relevant for policy-making. This scheme has recently been applied

for the first time to a component of a complex IAM (van der Sluijs et al., 2002). It should be noted that

the integration of disciplinary models into a transdisciplinary model introduces the possibility of ‘new’

errors, in addition to the shortcomings of individual model components, due to wrong coupling (such as

incompatible spatial scales of climate and impact models) and to the omission of important components.
Major challenges for model-based IAs of climate change are:

¢ to determine which processes are important, and at which level of detail, to provide results that are
relevant for particular policy problems;

e to account for different types of uncertainty, including the possibility of low-probability but poten-
tially catastrophic events;

e to combine pertinent knowledge from different disciplines and sources, including qualitative and
semi-quantitative knowledge;

e to account for relevant interactions across regions, sectors, and spatiotemporal scales;
e to account for non-climatic developments and the indeterminacy associated with them;
¢ to adequately consider autonomous and purposeful adaptive responses to climate change;

e to consider the scope of validity and the assumptions made in disciplinary sub-models, and to
make explicit what is not included in a particular model and/or analysis; and

e to account for the sociopolitical context in which decisions will be made, and actions will be
implemented, including the importance of subjective normative evaluations for decision-making.

There is now a considerable body of literature on the implications of these challenges for ‘good’ 1A.
In two landmark papers on integrated assessment modelling of climate change, Morgan and Dowlatabadi
(1996) and Schneider (1997) provide checklists of issues and practices IA modellers should keep in mind
that are still valid and relevant. For other contributions to this topic, see, e.g., Parson (1996); Risbey et al.
(1996); Schellnhuber and Yohe (1997); Rotmans and Dowlatabadi (1998); Morgan et al. (199&Jg®chr”
et al. (2002). Some aspects of the discussion about ‘good IA" will be resumed in Chapter 5, when the
work presented in this thesis is discussed in the context of other IA efforts.

Finally, it is important to note that not only the challenges of transdisciplinary, policy-oriented IA dif-
fer from those of traditional disciplinary scientific endeavours but also the evaluation criteria for ‘good’
assessments (Funtowicz and Ravetz, 1992;d8ighrét al., 2002). A key criterion in IA is threlevance
of (principally unavoidable) simplifications, which strongly depends on the decision context of the as-
sessment. Since theoretical correctness is often not achievable, the integration of various disciplinary
submodules in an IAM should rather strive fmagmatic compatibility

2.2 Impact, vulnerability, and adaptation assessments

The last two decades have witnessed extensive research on potential and observed impacts of climate
change on all kinds of natural and social systems, as reviewed in McCarthy et al. (2001). The ultimate
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Assessment Year WG WG I WG Il
First 1990 Science Impacts Response Strategies
Second 1995 Science Impacts, AdaptationEconomic and
and Mitigation Social Dimensions
(Scientific-Technical
Analyses)
Third 2001 Science Impacts, AdaptationgMitigation

and Vulnerability

Table 2.1: Scope of the IPCC working groups in the major IPCC assessments

goal of this research is to support the formulation and implementation of policies that limit adverse
impacts of anthropogenic climate change through mitigation of climate change and adaptation to climate
change.

Climate impact and adaptation assessments are closely linked. On the one hand, standard impact
assessments provide indispensable information for adaptation assessments and adaptation policy about
expected (biophysical) impacts of climate change. On the other hand, any comprehensive impact assess-
ment needs to consider the potential for and expected effectiveness of feasible adaptations. In the context
of climate change, the term ‘vulnerability assessment’ is often used to distinguish icopa&tiaptation
assessments from earlier impact assessments that did not consider adaptation. The outcomes of vul-
nerability assessments inform the specification of short-term needs for adaptation (e.g., by identifying
unavoidable climate impacts) and the specification of long-term goals for mitigation (e.qg., by identifying
‘limits to adaptation’ that cannot reasonably be overcome).

This section sketches the evolution of climate change assessments. We start with a brief review of
the evolution of the assessment practice, which is followed by a presentation of key concepts and terms
in vulnerability assessment. We then present a four-stage conceptual framework for climate change
assessments that explains the relationship between key concepts for climate change assessments and
reflects the historical evolution of climate change assessments. The discussion in this section provides
the background for the development of the ICLIPS impacts module, which is described in Chapter 3.

2.2.1 Evolution of the assessment practice

The term ‘climate change vulnerability assessment’ is used for a wide range of assessments. However,
certain trends can be observed in the assessment practice. The detection of these trends is facilitated
by the exceptional circumstance that the complete body of scientific knowledge on climate change, as-
sociated impacts, and potential response mechanisms is regularly synthesized by the IPCC. The IPCC
has produced three comprehensive assessment reports so far, whereby the three working groups of the
IPCC contribute one volume each to these reports. Some important developments in the field of climate
change assessments can already be derived from changes in the structure of these working groups (WGS),
as shown in Table 2.1.

Since the inception of the IPCC, its WG Il has focussed on the impacts of projected climate change.
In the First Assessment, climate impacts were exclusively addressed by WG I, with a clear focus on
potential biophysical impacts. In the preparation of the Second Assessment, the need for an assessment
of the economic and social dimensions of climate change was clearly recognized. The scientific-technical
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analysis of impacts, adaptation, and mitigation was assigned again to WG Il, whereas WG Il focussed
on the economic and social dimensions. Despite the explicit integration of socioeconomic aspects into
the IPCC assessment, WG Il and WG Il were still partitioned along disciplinary boundaries. For the
Third Assessment, the WGs were rearranged in a problem-oriented manner rather than by disciplinary
tradition. WG Il assessed the environmental, social, and economic dimensions of climate impacts, the
vulnerability to climate change across systems, sectors, and regions, as well as potential adaptations to
reduce adverse impacts. WG lll addressed the technical and economic dimensions of mitigation actions,
which can be analyzed largely independent of adaptation.

The preface of the WG 1l contribution to the IPCC Third Assessment Report highlights various
differences compared to earlier WG Il assessments (McCarthy et al., 2001, p. ix):

e efforts to address a number of cross-cutting issues, such as sustainable development, equity, and
scientific uncertainties;

e the emergence of changes in climate extremes and in climate variability as key determinants of
future impacts and vulnerability;

e increasing emphasis on the many interactions of climate change with other stresses on the envi-
ronment and human populations; and

¢ the expanded analysis on the value of adaptation measures to diminish the risk of damage from
future climate change and from present climate variability alike.

Summarizing the development of vulnerability assessments presented in the IPCC reports, a clear
trend is observed towards interdisciplinary assessments of the potential consequences of climate change;
towards the integration of impact and adaptation assessments; and towards the integration of climate
change with other stresses and concerns.

These trends are in agreement with the development of the political, legal, and financial provisions
for vulnerability assessment under the UNFCCC. The role of the UNFCCC for framing vulnerability
assessments is two-fold. First, it has established a framework for conducting and financing vulnerability
assessments in developing countries. This framework is clearly influenced by the special needs of de-
veloping countries, many of which have insufficient capabilities to cope with current climate variability,
and whose urgent present needs typically cause decision-makers to adopt a shorter planning horizon than
in developed countries. Second, the UNFCCC serves to highlight key issues of the international policy
community that are likely to influence the funding practice of other public entities. For a more detailed
analysis of the UNFCCC and the decisions of its Conference of the Parties as to their relevance for the
conceptualization and practice of vulnerability assessment, seseH2002a).

2.2.2 A generic framework for vulnerability assessment

The climate change community, in large part because of its intensive co-operation within the IPCC,
is developing a common terminology, although definitions are still being debated. In this section, we
define a number of terms that are important in the context of climate change assessments, noting that
some of them are used differently in other scientific communities. For reference, we quote various
definitions from the latest IPCC glossary (Houghton et al., 2001; McCarthy et al., 2001) in separate,
indented paragraphs.
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(Climate) impact assessmentThe practice of identifying and evaluating the detrimental
and beneficial consequences of climate change on natural and human systems.

Adaptation assessmentThe practice of identifying options to adapt to climate change
and evaluating them in terms of criteria such as availability, benefits, costs, effectiveness,
efficiency, and feasibility.

In the absence of a consensus definition, we use thedinmate change vulnerability assessment
rather broadly for‘any assessment of how projected changes in the Earth’s climate could influence
natural and social systems and human activities, and/or how human actions could reduce adverse effects
of climate change on those systems and activities, with the aim of assisting policy-makers to adequately
respond to the challenge of climate chang&his definition encompasses both impact and adaptation
assessments, according to the IPCC definitions above.

Climate change vulnerability assessments, defined in that way, comprise a broad set of activities:
from the scientific analysis of the relationship between specific climate variables and certain ecosystem
properties to policy-driven assessments how a climate-sensitive economic sector in a country can be
made more resilient to all kinds of climate variations, regardless of their attribution. Consequently,
climate change vulnerability assessments are conducted in a variety of contexts, and for a diverse group
of stakeholders motivated by rather different concerns. It is important to understand from the outset that
the determination ofthe consequences of climate change on natural and human sysegpghds on
a number of assumptions about future non-climatic developments, some of which (such as the level of
adaptation) may even be influenced by the outcomes of the vulnerability assessment.

The classification of vulnerability assessments is helped by the generic framework shown in Fig-
ure 2.1 whose development has been motivated by the adaptation frameworks presented in Smithers and
Smit (1997) and Smit et al. (2000). This framework, which is applicable beyond the issue of climate
change, shows the major determinants of vulnerability assessments. The suitability of a specific assess-
ment approach depends, in particular, on skistemor sector considered, on the specific climatic and
non-climaticstressorghat this system is exposed to, on the degreermfertaintyabout future changes
in these stressors, on the (natural or anthropogenim) causef these stressors, on the biophysical
and sociakffectspotentially caused by these stressors, on the available resacin@esfor reducing the
vulnerability, on thetime scaleandspatial scaleof the assessment, and on tlesourcesavailable for
the assessment. The thick dotted arrows show the (potential) influence of human actions on all compo-
nents of the causal chain from root causes to the effects of specific stressors, which is itself denoted by
thick solid arrows. The thin arrows with open heads illustrate that the root causes, stressors, systems and
effects considered in a specific assessment largely determine the set of relevant response actions.

Table 2.2 applies the conceptual framework from Figure 2.1 to climate change assessments. The right
column lists potential choices for each determinant of a vulnerability assessment. Only those items high-
lighted in boldface are common #@il assessments whereas the others may vary between assessments.
Obviously, a wide range of assessments can be subsumed under the header ‘climate change vulnerabil-
ity assessment’, which gives rise to a multiplicity of methodological approaches. In Section 2.2.3, we
present a conceptual framework that distinguishes four stages of assessments, based on their analytical
purpose, the degree of interdisciplinary integration, the integration of climate change with natural climate
variability and non-climatic stressors, and the degree of stakeholder participation.

‘Impacts’ and ‘vulnerability’ are central concepts in this section. The latter term is used in many
different ways by various research communities, such as those dealing with climate change and global
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Figure 2.1: Generic framework for vulnerability and its assessment

change, natural hazards and disasters, and secure livelihoods and famine. One school of thought, which
prevails in social geography and political ecology, regards (social) vulnerability as the response capacity

of a household or a community to external stresses, as determined by socioeconomic and political factors
(Blaikie et al., 1994; Bohle et al., 1994). Pertinent studies suggest a causal structure that concentrates on
the differential abilities of communities to cope with external stress. Vulnerability according to this view
corresponds closely to theon-climatic factorsn our framework (see Figure 2.3 in Section 2.2.3). A
second school, which is characteristic for the risk, hazards, and disasters literature, conceptualizes vul-
nerability as the dose-response relationship between an exogenous hazard to a system and the associated
risk of adverse effects (UNDHA, 1993; Dilley and Boudreau, 2001). This notion of vulnerability corre-
sponds most closely to threensitivitybox in Figure 2.3. A third school, which is predominant in global
change and climate change research, uses vulnerability as an integrated measure of the expected adverse
effects to a system that originate from certain external stressors (Cutter, 1993; Boughton et al., 1999;
McCarthy et al., 2001). For a comprehensive review of alternative conceptualizations of vulnerability,

the reader is referred to Cutter (1996); Kelly and Adger (2000); Dilley and Boudreau (2001).

(Climate) Impacts: Consequences of climate change on natural and human systems. De-
pending on the consideration of adaptation, one can distinguish between potential and resid-
ual impacts. [...]

Vulnerability: The degree to which a system is susceptible to, or unable to cope with, ad-
verse effects of climate change, including climate variability and extremes. Vulnerability is
a function of the character, magnitude, and rate of climate variation to which a system is
exposed, its sensitivity, and its adaptive capacity.

We employ the IPCC definition cited above, which follows the third school of thought. In that def-
inition, the vulnerability of a system to climate change is identified with the level of expected impacts
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Dimension Question Potential choices
System Who or what A community,
is vulnerable? a geographic region,

a economic sector,
a natural system

Root causes What causes Greenhouse gas emissions,
the vulnerability?  other driving forces

Stressors Vulnerable to what? Anthropogenic climate change,
natural climate variability,
atmospheric composition,
other non-climatic factors

Effects What is at risk? Ecosystem viability,
food security,
human health,
economic assets,
other valued goods and services

Actions What can Mitigation of climate change,
be done? adaptation to climate change
Time scale  Which time Few decades,
horizon? many centuries
Spatial scale Which region? River catchment,
coastal strip,
country,
continent
Uncertainty  How to treat Single best guess,
uncertainties? multiple scenarios,

sensitivity analysis,
probabilistic assessment

Resources  What resources Scoping study,
are available? detailed vulnerability assessment

Table 2.2: Application of the framework from Figure 2.1 to climate change vulnerability assessments.

over time for a certain level of global climate change, considering the adaptive capacity of the respective
system. Reilly and Schimmelpfennig (1999) actually define vulnerability a$otiability-weighted

mean of damages and benefitsThe vulnerability of a system includes an external dimension, which

is represented by itsxposureto climate variations, as well as an internal dimension, which comprises
its sensitivityto them and it@daptive capacity The distinction between an external and an internal di-
mension of vulnerability is similar to the one between biophysical and social vulnerability, as applied in
the ‘hazards of place’ model of vulnerability developed by Cutter (1996). However, since the inclusion
of ‘or’ in the first part of the definition seems to indicate a lingering persistence of the view that exter-
nal shocks and inherent coping ability are alternative definitions of vulnerability rather than co-factors,
connecting these factors withnd’ would be more appropriate (Brooks, 2002).
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Vulnerability is a broader concept than impacts, although the two are closely related. Whilst climate
impacts can generally be described by changes either in biophysical indicators, such as the primary
productivity of an ecosystem, or in socioeconomic indicators, such as the revenues from ski tourists in a
region, the same is not true for vulnerability to climate change. No agreed metric exists to measure the
vulnerability of an ecosystem or a ski resort.

The main distinctions between impacts and vulnerability, as understood by the IPCC, can be ex-
plained using the conceptual framework depicted in Figure 2.1:

Stressors: The concept of vulnerability relies on a realistic representation of the ste@ssorsto a
system, which often requires to include non-climatic stressors as well, and to explicitly consider
the uncertainty in climatic and non-climatic scenarios.

System: The concept of vulnerability explicitly acknowledges the dynamic nature of the vulnerable
system or community, including its ability to adapt to gradual changes over time.

Effects: The concept of vulnerability relies on the (partly normative) evaluation of projected impacts
according to their desirability and relevance. A system or community is only considered vulnerable
if goods and services are adversely affected that are valuable to certain stakeholders. Vulnerability
assessments thus link natural with socioeconomic analysis.

Actions: Vulnerability assessments are often framed with a specific set of potential response actions
in mind, which would either mitigate external stressors or enhance the response capacity of the
vulnerable system or community.

Estimates of future climate impacts are contingent on various assumptions. The most important of
these assumptions concerns the level of adaptation, as illustrated in Figure 2.2. This diagram depicts
hypothetical trajectories for the level of climate-related impacts over time (due to anthropogenic climate
change as well as natural variability) on a climate-sensitive system. The lowest trajectory denotes the
(unrealistic) reference case of an undisturbed climate where variations in the level of impacts are solely
caused by changes in non-climatic factors such as demographic and economic development. The other
trajectories present the impacts associated with a specific climate change scenario for four different
assumptions regarding adaptation. They include (in descending order of impacts) the ‘dumb farmer’,
who does not react to changing climate conditions at all; the ‘typical farmer’, who adjusts their practice
in reaction to persistent climate changes only; the ‘smart farmer’, who uses available information on
expected climate conditions to adjust to them proactively; and the ‘clairvoyant (or genius) farmer’, who
has perfect foresight of future climate conditions and faces no restrictions in implementing adaptation
measures. The metaphorical names used to characterize the different assumptions on adaptive behaviour
can be applied to any impacted agent. We employ these names because they are frequently used in
the pertinent literature (see, e.g., Rothman and Robinson, 1997; Schneider, 1997). The bars on the
right-hand side of Figure 2.2 illustrate the corresponding interpretations of the term ’(climate) impacts’.
The different assumptions on adaptation and the associated understanding of ‘impacts’ can be related to
specific stages of vulnerability assessments that will be presented in Section 2.2.3.

2.2.3 Evolution of the conceptual framework

In this section, we sketch the evolution of the conceptual framework for climate change vulnerability
assessments. We present four prototypical stages of vulnerability assessment, knowing that actual as-
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Figure 2.2: Different conceptualizations of climate impacts and adaptation

sessments usually combine features from more than one stage. In any case, the presented classification
should not be interpreted to the effect that all but the final stages have become obsolete. Each assessment
type provides valuable results, and the most appropriate one in a specific situation depends on a variety
of factors, such as the scope of the analysis, the level of knowledge, the urgency of the threat, and the re-
sources available. Obviously, the specification of (global long-term) mitigation policies and of (regional
short-term) adaptation policies have rather different information needs with respect to the characteris-
tic spatiotemporal scales of the assessments, the consideration of non-climatic stressors and factors, the
treatment of uncertainty, and the importance of normative valuations (see Sections 1.3 and 2.2.2).

Table 2.3 summarizes the different assessment stages distinguished here. The evolution of vulner-
ability assessments has been motivated by changing stakeholder needs from science-driven (positive)
assessments that estimate potential climate impacts to policy-driven (normative) assessments that rec-
ommend specific adaptation measures. This shift had important consequences for the degree to which
non-climatic factors are included, the consideration of the effects of current climate variability and ex-
tremes, the temporal and spatial scales of analysis, the treatment of uncertainty, the integration with other
policy goals, and the degree of stakeholder involvement. For a more detailed discussion of these issues
the reader is referred to Rothman and Robinson (1997); Smith (1997); Klein and Maclver (1999); Klein
and Nicholls (1999); Klein et al. (1999); Smit et al. (1999).

In the sequel of this section a conceptual framework is presented to illustrate the approach towards
each of the four stages of vulnerability assessment. The purpose of this conceptual framework is twofold.
First, we present the prevailing understanding of the climate change community in general, and as pre-



2.2. IMPACT, VULNERABILITY, AND ADAPTATION ASSESSMENTS 35

First- Second-
generation generation Adaptation
Impact vulnerability  vulnerability policy
assessment assessment  assessment assessment
Analytical Positive Positive Positive Normative
approach
Main Potential Pre-adaptation Post-adaptation Recommended
result impacts vulnerability vulnerability adaptations
Consideration Little Partial Full Full
of adaptation
Integration Low Low — Medium — High
of natural medium high
and social
science
lllustrative Whatare ~ Which What is the Which adap-
research potential socioeconomic vulnerability tations are
question biophysical and health to climate recommended
impacts impacts are change, to reduce the
of climate  likely to result considering vulnerability
change? from climate  feasible to climate
change? adaptations?  change?

Table 2.3: Characteristic properties of different stages of climate vulnerability assessment

sented in the IPCC in particular, on key concepts related to vulnerability and adaptation to climate
change, and on the relationships between those concepts. Second, by presenting four stages of vul-
nerability assessment we sketch the development of the underlying theory and practice over time.

The conceptual framework is illustrated by a staged ‘box-and-arrows’ diagram, which combines
natural and social science views of the issue. These two communities follow rather different approaches
in the study of human-nature system interactions. The natural sciences apply a physical flows view
that focusses on the flow of matter and energy between system components. The social sciences, in
contrast, apply an actor system view that emphasizes the flow of information between different actors
that determines social decision-making. Clearly, the consideration of the decision process is central for
any attempt to influence the ‘physical’ part of the human-nature interaction through purposeful policy
decisions.

The combination of natural and social sciences approaches for the simulation of human-nature
system interactions has attracted considerable attention from both scientific communities. Robinson
(1991) presents a conceptual framework for modelling in the Human Dimensions of Global Change
Programme (HDGC), and for relating it to the activities of the International Geosphere-Biosphere Pro-
gramme (IGBP). In a nutshell, this framework distinguishes natural systems (the scope of IGBP) and
human systems (the scope of HDGC). The latter are further split up into physical human activities (e.g.,
demography, production, and consumption) and sociopolitical activities (e.g., decision-making and in-
stitutional organization). Different types of system views are then proposed for the modelling of the
interaction between the three subcomponents of integrated human-nature systems. This concept was
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later formalized on a global level by Schellnhuber and Wenzel (1998); Schellnhuber (1999) who rep-

resented the “Earth system” by the “ecosphere” and the “human factor”, whereby the latter embraces
a ‘physical’ sub-component (the “anthroposphere”) and a ‘metaphysical’ sub-component (the “global

subject”).

The discussion of different views of the human-nature system is relevant for the conceptual frame-
work presented here because they have important implications for the visual representation of the con-
sidered system. The primary goal ®fstem-dynamics diagramas applied in the natural sciences, is
to clarify the behaviour of complex systems whergdisience diagramgand the social science models
based upon them) are developed for helping people to make decisions. These two types of diagrams have
been characterized as follows:

“Despite their superficial similarities, there are important differences between influence
diagrams and the system-dynamics notation [...] First, the two notations interpret the
nodes and arrows very differently. In system dynamics, nodes represent stocks, sources, and
sinks of conserved quantities, such as materials, water, money, or numbers of humans or
other species. The arrows represent flows of these quantitief Influences, on the other
hand, do not represent material flows — they represent knowledge and beliefs, about how
the value of variables affects the value or probability distributions on other variables, which
may reflect knowledge on material flows, or of other evidential relationships. [...]”

(Morgan and Henrion, 1990, Section 10.7)

Clearly, both representations are relevant in the context of climate change. The “integrated assess-
ment framework” diagram developed by the IPCC (Watson and the Core Writing Team, 2001, Fig. SPM-
1), for instance, combines the two aspects. The IPCC framework has been criticized by Barker (2001),
who argues for using a physically based stock-and-flow approach for the representation of the integrated
system instead of the more general cause-effect approach applied in the IPCC diagram. However, this
critique appears only valid in the context of physically based integrated assessment models.

Figure 2.3 (top) depicts the conceptual framework developed by the author of this thesis, and Fig-
ure 2.3 (bottom) explains the graphical elements that are used in its presentation. This diagram is a
hybrid of a system-dynamics diagram and an influence diagram, whose elements include flow variables
(e.g., emissions) and state variables (e.g., concentrations), complex probabilistic properties of a system
(e.g., climate variability), spatiotemporal events (e.g., exposure), human actions (e.g., adaptation), and
dose-response relationships between other elements (e.g., sensitivity). As a result, some of the relation-
ships between elements of the framework represent physical flows, whereas others indicate functional
relationships or the flow of information. The different elements and relationships in the framework are
distinguished by different graphical representations.

Any mental model highlights some aspects of the considered system at the expense of others. The
most important topics that aret explicitly addressed in our framework are the temporal dimension of
considered processes and dynamical aspects, and the spatial scales of the considered systems and cross-
scale relationships, the uncertainty associated with different elements of the framework, and the actual
process of policymaking.

In the remainder of this section, we will briefly discuss characteristic features of each stage of vulner-
ability assessment. For a more extensive discussion, including examplessseédfid Klein (2002a,b).
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Impact assessment

Impact assessments evaluate the potential effects of several climate change scenarios, including a (hypo-
thetical) constant climate scenario, on one or more impact domains. The main concepts considered in a
(climate) impact assessment and their relationships are depicted in blue in Figure 2.3.

The assessment starts from scenarianuksion®r atmosphericoncentration®f greenhouse gases
and radiatively active particles, such as the often assimé&D, case.Climate changerojections are
determined through the application of appropriate climate models. Climate is a multi-dimensional phe-
nomenon that exhibits variations on different spatiotemporal scales. Impact assessments often focus on
long-term changes in average climate conditions (such as annual mean temperature, precipitation, and
sea-level rise) because these results are most readily available from climate modedgspdheeof a
system (often termed ‘exposure unit’) to climatic stimuli depends on the global lecéhaite change
and on the system’s location. The link frotoncentrationso exposurein the conceptual framework
indicates that some systems are directly affected by changes in atmospheric composition. Well-known
examples include the direct effect of carbon dioxide on plant physiology and the combination of local
air pollution and high temperatures in causing respiratory diseases in humanseriEité/ityof a sys-
tem denotes the —generally multi-dimensional and dynamic— dose-response relationship between its
exposure to climatic stimuli and the resulting effects. Consequently, climmgtectsare a function of
(the change in) thexposureof a system to climatic stimuli and itensitivityto these stimuli. The terms
potential impact&ndresidual impactsre used to distinguish impact estimates between assessments that
do not consider adaptation (i.e., whesensitivityis assumed to be unaffected by climate change) and
those that do consider adaptation (see below).

The bold borders around the boxes fmissionsand concentrationsof greenhouse gases and for
the level ofclimate changendicate that these concepts are applicable at the global leveleXpjusure
and thesensitivityto climatic stimuli as well as the resultingipactscan only be analyzed for specific
exposure units, which is indicated by the thin borders.

Mitigation: An anthropogenic intervention to reduce the sources or enhance the sinks of
greenhouse gases.

The main policy response addressed in impact assessments, as understoodhtigatian, which
refers to actions that limit the level and rate of climate change. The two basic mitigation options are the
reduction of gross GH®missionge.g., through fuel switching in the energy sector), and the reduction of
their concentrationghrough enhancing the sink capacity of biological and other systems. Since adapta-
tion is not explicitly considered, these assessments are most relevant for policy formulation in the case of
severe long-term climate impacts where adaptation is difficult. In addition, they serve to raise awareness
of the potential scale and magnitude of climate change impacts. Examples include many ecological stud-
ies as well as country studies conducted within, for instance, the United States Country Studies Program
(USCSP). Selected references are Monserud et al. (1993); Leemans and van den Born (1994); Kwadijk
and Middelkoop (1994); Nicholls and Leatherman (1995); Rosenzweig and Parry (1994); Martens et al.
(1995b, 1997). This approach is also typical for integrated assessment models of climate change that
present geographically explicit projections for the impacts of different emission scenarios on various
impact sectors, mostly in biogeophysical units. Examples include CLIMPACTS (Kenny et al., 1995),
IMAGE 2 (Alcamo et al., 1998a), MIASMA (Martens, 1998b), and the ICLIPS modat$El' and van
Minnen, 2001; Toth et al., 2002; Toth, 2003b, see Section 2.4).
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First-generation vulnerability assessment

First-generation vulnerability assessments are an extension of impact assessments. The new elements
are shown in green in Figure 2.3.

Climate variability constitutes an important component of a systeexjgosureto climatic stimuli.

Even though it is generally accepted that glotlahate changewill affect regionalclimate variability,
consideration of these effects in model-based impact assessments is often hampered by the consider-
able disagreement between climate models on potential changes in climate variability, including the
frequency, intensity, and location of extreme events.

Non-climatic factorsdenote a wide range of factors that influence the vulnerability of a system or
society to climate change. They include ecological, economic, social, demographic, technological and
political conditions, some of which may be affectedritigation activities. Non-climatic factorscan
affect thesensitivityas well as thexposurenf a system to climatic stimuli. The latter link is particularly
relevant for mobile exposure units. For instance, if a person or a community relocates in response to an
external (non-climatic) stress, the&xposurdo climatic variations obviously will change.

Vulnerability is a broader concept than potentigpacts(see Section 2.2.2), and not all of the dif-
ferences can be shown in the diagram depicted in Figure 2.3. The double border of the ‘vulnerability
box' indicates that this concept is applicable at, and differs between, different scales. For instance, even
if the overall vulnerability of a country to climate change is low, certain subgroups of the population
may still be strongly affected. The thin arrow that points frionpactsto vulnerability denotes that the
impact potential (in concert with thedaptive capacitysee below) is an important determinant for the
vulnerability of a system. However, it does not suggest that impacts cause vulnerability.

Recognition of thevulnerability of valued systems to climate change is likely to trigger policy re-
sponses at different levels. This potential for human agency is indicated by the thin dashed arrows in the
framework diagram fromvulnerability to mitigationandadaptation

Adaptation: Adjustment in natural or human systems in response to actual or expected cli-
matic stimuli or their effects, which moderates harm or exploits beneficial opportunities.
Various types of adaptation can be distinguished, including anticipatory and reactive adap-
tation, private and public adaptation, and autonomous and planned adaptatior. [

Adaptation, as defined by the IPCC, comprises a broad range of activities. Alternative definitions
have sometimes restricted the use of this term to adjustments in social systems, to deliberate changes, to
major structural changes in a system, to responses that follow observed changes in external conditions, or
to a subset of climatic stimuli (Smit et al., 2000). The conceptual framework presented here distinguishes
adaptationmeasures between those that are targeted directly at the vulnerable system and those that
affectnon-climatic factorsnfluencing the system.

First-generation vulnerability assessments raise awareness of the (potential) vulnerability of sensitive
systems or communities to climate change, often in comparison with various non-climatic stresses. In
so doing they help to prioritize further research and determine the need for mitigation and adaptation
measures to reduce adverse effects. However, as long as the feasibility of implementing adaptations
is not assessed, the assessment does not provide a full picture of the vulnerability of the considered
system. Depending on the level of adaptation assumed, assessment results may fall anywhere in the range
spanned by the ‘dumb farmer’ and the ‘clairvoyant farmer’ trajectories in Figure 2.2. For a more detailed
discussion of unrealistic adaptation assumptions and for examples of studies that would be regarded as
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first-generation vulnerability assessments in our classification, see Smithers and Smit (1997) and Smit
and Pilifosova (2001). Most initial national communications to the UNFCCC produced by developing
countries are also first-generation vulnerability assessments (Lim, 2001).

Second-generation vulnerability assessment

The step from climate impact assessments to first-generation vulnerability assessments was characterized
by the explicit inclusion of non-climatic factors that may influence climate impacts, and by the evaluation

of potential impacts in terms of their relevance to goods and services valued by society. The resulting
broader view on the potential consequences of climate change also helps to assess adaptation needs.
The potential for, and limitations to, adaptation are more thoroughly assessecoind-generatioxul-

nerability assessments. The new components of the corresponding conceptual framework are shown in
yellow in Figure 2.3.

Adaptive capacity (or adaptability): The ability of a system to adjust to climate change (in-
cluding climate variability and extremes) to moderate potential damages, to take advantage
of opportunities, or to cope with the consequences.

The adaptive capacityf a system or society determines its potential to cope with or to reduce ad-
verse effects of climate change. Unaeteris paribusconditions,adaptive capacityandvulnerability
are therefore negatively correlated. It should be noted that the IPCC definitions for ‘adaptive capacity’
(as well as of ‘adaptation’ and ‘vulnerability’) refer to social and natural systems alike. Determinants of
adaptive capacity in social systems comprise sumt-climatic factorsas economic resources, technol-
ogy, information and skills, infrastructure, institutions, and equity (Smit and Pilifosova, 2001; Yohe and
Tol, 2002). Since the ability of a system to cope with current climate variability is an important indicator
for its capacity to adapt to future climate change, analyses of vulnerability across systems or regions to
current climate variability can provide important lessons for adaptation science.

Vulnerability assessments tend to focus on the vulnerable system and the multiple stresses that may
threaten it rather than on the multiple effects of a particular stress factor such as climate change (Ribot,
1995). An important element in many second-generation vulnerability assessments is therefore the ex-
plicit consideration ofion-climatic driverge.g., demographic, economic, sociopolitical, technological,
and biophysical drivers) that affect relevamin-climatic factorge.g., the degree of economic diversifi-
cation, the level of education, and the strength of social networks).

Second-generation vulnerability assessments are conducted to estimate realistically the vulnerability
of certain sectors or regions to climate change, in concert with other stress factors. To this end, they
include assessments of the potential of adaptations to reduce adverse impacts. The results correspond
most closely to the ‘realistic farmer’ trajectory in Figure 2.2. If limits to adaptation are identified for
valued systems, this provides important information for the determination of critical levels of climate
change.

Second-generation vulnerability assessments are not yet commonplace, in absence of a clear method-
ology. More than first-generation assessments they require the involvement of social scientists in a mul-
tidisciplinary research group. In addition, second-generation assessments require a stronger involvement
of stakeholders and, focusing more on adaptive capacity, rely more heavily on qualitative dafes-The
sessments of Impacts of and Adaptation to Climate Change in Multiple Regions and &&IAQE)
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project, which is implemented by the United Nations Environment Programme (UNEP) and supports
the development of scientific and technical capacity amongst developing country scientists to address
gaps in knowledge about climate change impacts, vulnerability, and adaptation, includes a number of
subprojects that could be considered second-generation vulnerability assessments.

Adaptation policy assessment

Owing to major differences in the characteristic temporal and spatial scatgtigdtionandadaptation
mitigation and adaptation policies are formulated largely independent of each other. This separation is
also reflected in the structure of the IPCC Third Assessment Report, where mitigation and adaptation
are addressed by different working groups (cf. Section 2.2.1). The fourth stage of climate change as-
sessments presented here refers to assessments that directly address the information needs of decision-
makers concerned with adaptation to climate change. We prefer the term ‘adaptation policy assessment’
over ‘adaptation assessment’, which is used in the glossary of the IPCC Third Assessment Report, to
emphasize that the main purpose is to contribute to policymaking by providing specific recommenda-
tions to planners and policymakers on the enhancement of adaptive capacity and the implementation of
anticipatory adaptation measures. Employing the language of Figure 2.2, adaptation policy assessments
are about preventing ‘avoidable impacts’ by turning ‘typical farmers’ into ‘smart’ ones. Achieving this
objective requires a closer look at the available response options, including considerations as to the fea-
sibility of their implementation and to their integration with existing policies and practices on resource
management, disaster reduction, economic development, public retalth,

Elements in Figure 2.3 that are new in adaptation policy assessment are shown in red. Two types
of adaptationmeasures are distinguished. (For the sake of completeness, mitigation actions are also
included.) Facilitation refers to activities that enhaneglaptive capacitythereby improving the condi-
tions for theimplementatiorof adaptation measures. Such activities include awareness raising, capacity
building, and the establishment of institutions, information networks, and legal frameworks for action.
Implementatiorrefers to activities that actually avoid adverse climatpactson a system by reducing
its exposureor sensitivityto climatic hazards, or by moderatimgpn-climatic factors The relationship
betweenadaptive capacityand adaptationin the conceptual framework is twofold. Adaptive capacity
determines the feasibility of adaptation measures oiftipdementatiortype, and it is itself influenced by
adaptation measures of tfailitation type. The same structure appliesnidigation measures, whereby
the concept ofitigative capacityhas been introduced into the literature only recently (Yohe, 2001).

The development of feasible adaptation strategies requires an intensive dialog with relevant stake-
holders throughout the assessment process. Key objectives of such a dialogue are to identify the needs
and priorities of stakeholders, to establish trust in the assessment team and methodology, to facilitate
mutual learning, and to ensure that suggested policies are compatible with other policy goals such as
sustainable development, economic diversification, and biodiversity conservation. Existing uncertainties
about future climate change are an important issue for stakeholder dialogues and for the formulation
of robust adaptation strategies. This topic is explored further in Pittock and Jones (2000); Willows and
Connell (2003).

To date, there is little guidance for full-blown adaptation policy assessments. An important initia-
tive to advance the state of the art is the development &daptation Policy Frameworkor Stage |l
adaptation under decision 11/CP.1 of the UNFCCC (Lim, 2001). The development of this framework is
guided by the United Nations Development Programme (UNDP) and the World Bank’s Global Environ-
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ment Facility (GEF). One example of an adaptation policy assessment is the @iijeate Change and
Adaptation Strategies for Human Health in Eurof@€ASHh), which aims to assess the status and fa-
cilitate the enhancement of adaptation possibilities of communities to climate-related impacts on human
health in Europe.

2.3 Analytical frameworks for scientific decision support

This section discusses how science can contribute to climate change-related decision-making. We start
with an overview of the decision problem, which is followed by a discussion of three categories of
decision-analytical frameworks. The choice of a particular framework has strong implications for the
design of IAMs in general, and for the modelling of climate impacts in particular. For a more detailed
discussion of this topic, see, e.g., Toth and Mwandosya (2001); Toth (2001, 2003a).

2.3.1 Challenges for climate policy

The specification of climate policies poses a variety of challenges for decision-making (adapted from
Toth and Mwandosya, 2001):

Global problem: The atmosphere is a global public good in the sense that actions anywhere on the globe
can change its composition, and that such changes have global effects. Even though the causes and
impacts of climate change have global scope, they are nevertheless heterogeneously distributed.
As aresult, a multiplicity of decision-makers with heterogeneous interests and without an adequate
institutional frame is involved in the decision-making process.

Long-term problem: Global warming results from the cumulative effect of increased atmospheric GHG
concentrations, which, in turn, represent the cumulative effect of anthropogenic GHG emissions.
Owing to the inertia of the carbon cycle and the climate system, both integrations involved have
long time scales (from decades to millennia). Consequently, emissions now may cause damages
in the far future, and emissiaeductionsnow provide little benefits in the near future, except for
certain secondary benefits such as reduced air pollution. The beneficiaries of mitigation measures
(principally future generations) are thus largely disparate from those who implement (and pay for)
these measures.

Pervasive problem: The burning of fossil fuels, which is the main cause of anthropogenic climate
change, is the primary source of energy (electricity, heat, mechanical energy) in most societies
across the world. In addition, almost any natural or social system is sensitive to, and thus poten-
tially affected by, global climate change. Since both the causes and the impacts of climate change
are extremely pervasive, agreement on a coordinated policy is very difficult.

Large consequencesThe anticipated consequences of climate change are very large. They include
the potential of “nightmare” or “doomsday” scenarios (Schellnhuber and Yohe, 1997) with catas-
trophic outcomes up to the global scale, which would be irreversible on time scales relevant for
human decisions. As a consequence, a wait-and-see approach is unlikely to be consistent with the
precautionary principle.
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Large uncertainties: There are large uncertainties about many impacts of climate change potentially
associated with any given forcing scenario, and about the costs, benefits, and implementation
barriers of possible responses now and in the future. The requirement for decision-making under
uncertainty calls for sequential decision-making based on a risk-management approach, with an
emphasis on policies that are robust across a range of plausible outcomes.

As a result of these challenges, the decision situation is characteriZéehisions between the lim-
ited capacity to predict and the urgent need to act in a situation faced with high stakes of Ttk and
Mwandosya, 2001). Key issues in the climate policy debate are divergent views concagigntific
uncertaintiesabout climate change and its impadegioeconomic uncertaintiedout the costs and ef-
fectiveness of various response measuresyaihgationof non-market impacts; theggregationof costs
and benefits across sectors, regions and time under divergent equity assumptions; iaregridion
with other topics, such as the broader issues of sustainable development and poverty reduction.
Climate policy needs to find answers to five key policy-relevant questions about societal responses
to the challenges of climate change (Toth and Mwandosya, 2001):

1. Howshould the response be made (mitigation, adaptation, etc.)?
2. Whenshould the response be made?

3. Whereshould the response take place?

4. Whoshould pay for the response?

5. What objectiveshould the response be targeted at?

Decision-analytical frameworks (DAFs) for climate policy are defined by Toth and Mwandosya
(2001) as“analytical techniques aimed at synthesizing available information from manyj [ seg-
ments of the climate problem to help policy-makers assess the consequences of various decision options
within their own jurisdictions. DAFs organize climate-relevant information in a suitable framework,
apply a decision criterion [. . ], and iderify options that are better than others under the assumptions
that characterize the analytical framework and the application at hamti®y help to answer the above-
mentioned questions by determining (a) what the goals of the relevant decision-maker(s) are, and whether
these are fully specified at the beginning of the analysis; (b) where the boundaries of the analysis are;
(c) how uncertainties are handled; and (d) how the intricate interplay between scientific analysis and
decision-makers shall be organized.

Three types of models are generally distinguished in policy analysis: predictive, optimizing, and sat-
isficing models (Morgan and Henrion, 1990). In the context of climate change, they correspmlidyto
evaluation modelgolicy optimization modelsandpolicy guidance modelsespectively. Whereas pre-
dictive and optimizing models have long been applied to the climate change problem, the ICLIPS model
presented in Section 2.4 is the first satisficing IAM. In the remainder of this section, we discuss the
relative advantages and disadvantages of the three modelling approaches for climate change decision
support.

2.3.2 Policy evaluation: scenario analysis

Policy evaluation analyses follow a ‘forward’ direction from causes to effects. A scenario analysis starts
from prescribed scenarios of demographic and socioeconomic development, includes assumptions about
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the implemented climate policy, determines the associated GHG emissions and climatic changes, and
simulates the consequences for various climate-sensitive sectors. Climate impacts are typically deter-
mined by geographically explicit process-based or empirical-statistical models and expressed in biophys-
ical units, such as simulated crop yields. The feedback from climate impacts on future socioeconomic
development can also be considered in principle. A prominent exemplar of policy evaluation models is
the IMAGE family of models (Alcamo, 1994; Alcamo et al., 1998a).

Due to the generally high level of scientific detail, scenario analysis can provide a rather detailed
picture of the likely consequences of specific policy scenarios. It is then up to the user of the model to
decide whether they can accept the climate impacts projected under a specific socioeconomic scenario.
If none of the predefined scenarios turns out to be universally acceptable, an iterative ‘trial and error’
process needs to be implemented. This process can be time-consuming and ineffective since it is virtually
impossible to span the full space of plausible futures.

2.3.3 Policy optimization: cost-benefit and cost-effectiveness analysis

Optimizing frameworks are related to decision analysis, which is a formal quantitative technigue to
identify the ‘best’ choice from a range of alternatives. The special cases of decision analysis most widely
applied to the climate change problem are cost-benefit analysis and cost-effectiveness analysis.

Cost-benefit analysis

Cost-benefit analysis (CBA) strives for the maximization of general utility over a predefined time period,
whereby ‘utility’ is defined in a normative way from observed or perpetuated social preferences. The
consistent appraisal of the merits associated with various options is done by quantifying in monetary
terms as many costs and benefits as possible, including items for which the market does not provide a
satisfactory measure of value. In the context of climate policy, CBA aims at identifying a single ‘optimal’
climate policy that minimizes the sum of the net costs (in a broad sense) associated with mitigation of
climate change, adaptation to climate change, and residual climate impacts. One of the best known IAMs
for global cost-benefit analysis is DICE (Nordhaus, 1994; Nordhaus and Boyer, 2000)

CBA requires a consistent utility valuation of decision outcomes, i.e., the use of a common numeraire
that makes all policy strategies comparable to each other. The usual choice is global net present value,
expressed in US$ for a certain base year. The need for a common yardstick is the root of a multitude of
methodological and practical problems, which severely compromise the validity and significance of the
results of global cost-benefit models for the problem of anthropogenic climate change (Morgan et al.,
1999). The methodological problems are related tovdlaationof diverse climate-sensitive commodi-
ties at the local or individual level, thesiggregationacross various dimensions, and the treatmennef
certainty Anthropogenic climate change spans the lifetimes of several generations, it will effect societies
existing under very different climatic and socioeconomic conditions, and many of its impacts cannot eas-
ily (or at all) be expressed in monetary terms (e.qg., the loss of human life or ecosystems). Consequently,
valuing the outcomes of different climate policies requires fundamentaliynativedecisions, which
cannot be made by scientists alone. CBA tends to conceal the difficult choices that decision-makers are
facing in seemingly value-neutral mathematical language. Hence, problems may arise when a proposed
‘optimal’ policy is investigated in detail with respect to its regional, temporal, and sectoral implications.

In the following, we mention only the most important methodological problems. For a more detailed
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discussion, the reader is referred to the “Ten commandments for good policy analysis” proposed in Mor-
gan and Henrion (1990), and to Azar (1998); Bruckner et al. (1999); Helm et al. (1999); Morgan et al.
(1999); Rothman (2000); Schneider and Sarukhan (2001); Ahmad and Warrick (2001); Jacoby (2003).

The impacts of climate change may be categorized according to the primary numeraire for describing
them into ecosystem impacts (e.g., biodiversity loss), health impacts (e.g., increased mortality during
heat waves), social impacts (e.g., forced migration or loss of heritage sites from sea-level rise), and
economic market impacts. The latter may be further classified into impacts on the activity of primary
sectors (e.g., agriculture), impacts on the activity of other economic sectors (e.g., tourism), and impacts
on human-made capital (e.g., property loss during extreme weather). It is generally assumed that non-
market impacts of climate change are at least as important as market impacts, even under smooth climate
change scenarios (Pearce and Cline, 1996). However, there is no universal method for the valuation of
non-market impacts since economic values have meaning only in the context of specific choices, and
the characteristics of that choice largely determine the inferred value (Pearce, 1993; Kopp et al., 1997).
Hence, economic valuation techniques for non-market impacts remain problematic in many situations.

The establishment of a common numeraire involves not only the comparison of different climate-
sensitive commodities at the local or individual level but also their aggregation across individuals, popu-
lation sub-groups, economic sectors, regions, and time. All these aggregations require the assignment of
weights to specific impacts, based on certain political or ethical concepts of intra- and intergenerational
equity. Arrow’s Impossibility Theorem proves the inability to aggregate individual preferences in a con-
sistent way, except for imposed and dictatorial aggregation schemes (Arrow, 1950). Hence, interpersonal
and intergenerational comparisons cannot be made on an objective basis. Moreover, aggregation of im-
pacts to higher scale levels has to consider that there are values to society outside of individual values,
such as goods and services that have a more common character, and values related to issues of equity and
security. Finally, important interactions between different social and economic agents are often neglected
in the assessment of impacts on the social welfare function.

The last issue may be illustrated by a simple gedankenexperiment from Rothman (2000). Imagine
that climate change would cause the complete destruction of US agriculture. Since agriculture comprises
only about 1% of US gross domestic product (GDP), this would result in a mere 1% GDP loss in standard
measures, which is much less than the average annual growth rate of GDP in the USA. Hence, according
to prevailing monetization techniques, next year's US economy without any agriculture would be ‘richer’,
and thus preferable, to this year’s economy with agriculture. If they were asked, most US citizens would
probably articulate a different preference. They were likely to assign a higher value to the destruction
of agriculture, taking into account issues such as the extreme dependence of other sectors of society on
agriculture, the benefits of access to fresh, local produce, likely increases in consumer prices for food,
and the cultural importance of rural life-styles.

The aggregation of impacts across time is usually done by applying exponential discounting to fu-
ture costs and benefits. However, there are severe doubts whether discounting factors derived from the
short-term behaviour of economic agents can be applied to intergenerational problems such as climate
change (Howarth and Norgaard, 1995). For instance, Layton and Brown (2000) found that respondents
to a survey about climate impacts on forests had the same preferences over the two very different time
horizons considered (60 years and 150 years). The implications of discounting can be illustrated by an-
other gedankenexperiment. Assume that one cent had been deposited at a bank account in the year 1 AD
at an interest rate of 3% per year. This cent would have accumulated tosabidit Dollars (or Euros)
after two thousand years, which corresponds to many billion times the global GDP in the year 2001.
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Conversely, a loss df - 1023 Dollars two thousand years from now would be valued just one cent in the
present even at the very modest discount rate of 3% per year. Another problematic issue in the mone-
tary valuation of future impacts is the standard assumption that current relative price levels will remain
constant in the future. However, there is substantial evidence that relative prices of many non-market
goods potentially affected by climate change, such as environmental integrity, would increase with the
substantial growth in income generally projected for the future (Tol, 1996).

All methodological issues discussed so far would also be relevant under perfect knowledge about
the future. However, the scientific understanding about climate change and its regional impacts is still
characterized by large uncertainty and even outright ignorance. The handling of uncertainties poses ad-
ditional methodological challenges, in particular if the knowledge gaps are unevenly distributed between
the cost and damage functions, or if the (subjective) probability distribution of the damage function is
right-skewed. In a deterministic framework, quantitative analysis is generally restricted to a ‘best guess’
scenario. Impacts with a low subjective probability such as large-scale singular events (the so-called
‘climate catastrophes’) are generally neglected in the analysis even though they may be highly relevant
for policy decisions.

In risk assessment and management, probabilistic (syn. stochastic) CBA is widely applied to deal
with uncertain future outcomes. Recently there have been various attempts to apply this technique to ac-
count for uncertain ‘climate catastrophes’. These analyses have consistently shown the high sensitivity
of model results to the consideration of these events. However, even probabilistic CBA cannot provide
unique recommendations for climate policy in the presence of large uncertainties about the likelihood
of specific events, different valuations of their impacts, and different risk attitudes. Azar and Lindgren
(2003) characterizes the situation as followEhe uncertainty about the impacts is so large that basi-
cally any optimal outcome can be justified?or a recent discussion of the implications of uncertainty
about the consequences of future climate change for various decision-analytical frameworks, see Aaheim
and Bretteville (2001).

In addition to the various methodological issues, it is also important to be conscious about the context
in which the analysis results are applied. Cost-benefit analysis, if done well, identifies the ‘optimal’
policy option in the sense that everybody coplotentially be better off than for any other optidh
those people who are positively affected under that policy would compensate those who are negatively
affected. However, the UNFCCC does not provide a mechanism for ensuring that such a redistribution
from the ‘winners’ to the ‘losers’ of climate change woualctuallytake place. Whilst some scholars call
for establishing a Climate Impact Relief Fund or comparable compensation mechanisites,(R002;
Schellnhuber, 2003), it cannot be said with any certainty whether such a mechanism will eventually be
implemented.

In a review of how optimizing IAMs deal with the above mentioned challenges, Rothman (2000)
finds that the economic valuation of climate impacts in current IAMs is characterized by the following
important limitations: partial coverage of impact categories, little consideration of intersectoral depen-
dencies, emphasis on equilibrium impacts assuming well-behaved climate change; the assumption of
fully rational agents with perfect knowledge; use of ‘best guess’ scenarios despite right-skewed distribu-
tion of uncertainties, application of willingness-to-pay rather than willingness-to-accept in the contingent
valuation of non-market impacts, and the assumption that the redistribution between positively and nega-
tively affected population groups would actually take place. This practice consistently underestimates the
economic value of climate impacts, compared to a situation with perfect knowledge and a more realistic
representation of the decision situation (Roughgarden and Schneider, 1998; Rothman, 2000).



2.3. ANALYTICAL FRAMEWORKS FOR SCIENTIFIC DECISION SUPPORT 47

Cost-effectiveness analysis

Considering the numerous difficulties involved in the monetization of climate impacts, cost-effectiveness
analysis (CEA) has been proposed as a valuable complement to CBA. CEA compares the costs associated
with alternative ways of achieving a specified objective. Unlike CBA, the level of benefit is treated as
an external given that is to be achieved at least cost. In the context of climate policy, the maximum
permitted level of climate change would be the result of international negotiations in the framework of
the UNFCCC. CEA could then be applied to identify the least-cost policy (involving a mix of mitigation
and adaptation) that is consistent with this objective. This approach has been implemented, for instance,
in the MINICAM model (Edmonds et al., 1996).

CEA avoids most of the problems associated with the valuation of non-market impacts of climate
change that were discussed in the context of CBA. However, the need to express the costs of climate
policies in a single numeraire still requires normative choices as to the aggregation of utility across re-
gions and generations. In addition, international redistribution mechanisms would be required for trans-
ferring the global least-cost policy into policies that are also optimal for each region. Furthermore, the
‘optimal’ policy identified by CEA will generally reach the maximum level of climate change specified
as an input to the analysis. This would not be a problem if the system behaviour and potential thresh-
olds were known with certainty. However, given the large uncertainties in climate impact projections,
such a policy might be associated with a substantial risk of actually missing the target, due to imperfect
knowledge. Finally, the application of CEA resides on the implicit assumption that the policy costs are
worthwhile for achieving the pre-specified objective. However, it is exactly this assumption that is very
much contended in the context of climate change among the different stakeholders involved.

Summarizing the caveats of optimizing approaches to climate change decision-making, Toth and
Mwandosya (2001) conclude thdhe lack of an individual decision-maker, utility problems, and in-
complete information suggest that decision analysis cannot replace the political process for international
climate-change decision-making.”

2.3.4 Policy guidance: the guardrail approach

The ‘traditional’ IA frameworks described above are associated with various shortcomings. Whilst sce-
nario analysis can provide indispensable information on the expected implications of selected policy
strategies, it is not particularly well suited for assisting decision-makers in identifying the whole range
of possible options and evaluating them according to specified policy criteria. Whilst the determination
of an ‘optimal’ policy strategy appears attractive from a theoretical point of view, the preceding discus-
sion revealed that this very objective raises a multitude of methodological and practical problems. Any
optimizing framework needs to imply value-laden paradigms at the outset, none of which is backed by
the UNFCCC. Article 2 of the UNFCCC frames the requirement for long-term climate policy primar-
ily in terms of an environmental objective. This objective calls for an ‘inverse’ approach to decision
support that provides information about possible emission strategies that are consistent with specified
environmental targets.

Concept

The guardrail approachputs the ultimate objective of the UNFCCC'’s in the focus of the integrated
assessment model’s application and the associated science-policy dialog. In a nutshell, the approach can
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be summarized as follows: Based on a set of pre-defined constraints (‘guardrails’), the admissible scope
of action is sought by investigating the dynamics between society and environment.

Recognizing that it is unlikely that the different social actors involved in international climate policy
formulation will agree on what would constitute an ‘optimal’ climate policy, the guardrail approach is
based on the assumption that it may be easier to specify a set of knock-out criteria, which characterize
certain developments that should be avoided by (almost) any means. The qtié8tetrkind of world
do we want to live in?”is raised at the outset of the analysis. A guardrail analysis then explores the
leeway (or ‘possibility space’) that remains for society by determinings#tieof all admissible climate
protection strategieshat are compatible with the predefined guardrails. Climate development and its
subsequent impacts are thus confined to tolerable corridors in multi-dimensional state space spanned
by inconvertible key variables. Relevant domains for the specification of guardrails include ‘intolera-
ble’ impacts of climate change (e.g., food security, water availability, ecosystem degradation, and health
effects), ‘unacceptable’ mitigation efforts (e.g., costs and availability of energy services), and ‘unfair’
burden sharing schemes. Guardrails can be specified in any suitable metric. The guardrail approach
therefore allows a clear-cut separation between the scientific analysis of the relevant sub-systems of the
Earth on the one hand, and normative decisions on the valuation of climate impacts, and their acceptabil-
ity, on the other hand.

It should be noted explicitly that the guardrail approach was primarily designed to exaloeri
intolerable climate evolutions. It would thus be a major misinterpretation of this approach to assume that
a policy that is compatible with a certain set of guardrails would be completely tolerable. For a more
in-depth discussion of this topic, including the application of ternary logic or fuzzy logic to describe the
indeterminacy of model users, the reader is referred to Bruckner et al. (1999).

Some aspects of the guardrail approach already appear in the ‘backcasting’ method for energy policy
analysis (Robinson, 1982). In a backcasting analysis, future goals and objectives (for energy policy)
are first defined in an explicitly normative way. The analysis works then backwards from this future
end-point to the present in order to determine the physical feasibility of that future and the policy mea-
sures that would be required to reach it. In the systematic suggested by Morgan and Henrion (1990,
Chapter 3), the guardrail approach is a satisficing method. Since the guardrail approach applies a hybrid
decision criterion that includes rights-based and utility-based decision criteria, it may be characterized
as a ‘bounded-risk bounded-cost’ strategy. Yet in contrast to the decision-analytical frameworks dis-
cussed in Morgan and Henrion (1990), the guardrail approach aims at characterizing the complete set
of acceptable policy strategy rather than just determining a single acceptable policy path. The guardrail
approach may be considered as a dynamical generalization of the ‘critical loads’ concept, which proved
very successful in the negotiation process of the Second Sulphur Protocol (Batterman, 1990; Alcamo
et al., 1990; Hettelingh et al., 1995). In this tradition, Swart and Vellinga (1994) called for “a new ap-
proach to climate change research” that starts with defining “critical levels” of ecosystem response on
a regional level, and to work backwards to determine “ultimate objective levels of GHG concentration
changes”. However, the proposed approach was not implemented in any IAM. The guardrail approach
enables the implementation of the ‘pessimization paradigm’ and more complex paradigms for sustain-
able development (Schellnhuber and Wenzel, 1998; Schellnhuber, 1999). However, a detailed discussion
of that topic is beyond the scope of this thesis. From an economic perspective, the guardrail approach
borrows features from multi-criteria analysis, cost-benefit analysis, and scenario analysis (cf. Bruckner
et al., 2003b), which are combined with elements of the ‘bounded rationality’ concept (Simon, 1972).

The guardrail approach was initially termed ‘tolerable windows approach’. Itis also knawease
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approach as it takes the form of an inverse control problem. All three terms are used synonymously in
this thesis. A preliminary version of the tolerable windows approach was proposed by the German
Advisory Council on Global Change (WBGU, 1995), and the mature concept is described in Petschel-
Held et al. (1999); Bruckner et al. (1999, 2003b). A conceptually similar but methodologically different
approach is the ‘safe landing analysis’ (Alcamo and Kreileman, 1996, 1997, 1998; Swart et al., 1998).
The guardrail approach has been taken up in the concept of ‘critical climate change’, defined as “the
guantitative magnitude of climate change (expressed as changes in temperature and precipitation) above
which unacceptable long-term effects on ecosystems may occur, according to current knowledge” (van
Minnen et al., 2002).

Specification of impact guardrails

The specification of impact guardrails can, in principle, refer to any of the five “reasons for concern”
distinguished by IPCC (cf. Section 1.2). However, the related social decision problem differs between
these categories, due to differences in the severity of the associated impacts and in the certainty with
which forecasts can be made. The maost important distinction is the one between ‘singular’ and ‘regular’
impacts of climate change. Singular impacts denote discontinuous changes in the large-scale operation of
the climate system, such as a potential switch-off of the thermohaline ocean circulation or a major change
in the Asian monsoon system. The primary social decision problem here is whether such a phase change
is considered acceptable at all, taking into account its potential irreversibility on time scales relevant for
human decision-making. Due to the large uncertainty about levels of GHG concentrations that would
trigger such events, respective guardrail analyses would also have to consider the likelihood (in a broad
sense) of violating the guardrail. The second category of guardrails refer to the impacts of regular climate
change, such as gradual decreases in the agricultural potential of a region. The affected systems can be
further distinguished into those dominated by human management (such as agriculture and agroforestry)
and those dominated by natural biogeochemical processes (such as natural ecosystems and hydrology).
Whereas the vulnerability of the former changes over time as it is closely associated with the level of
economic development, institutional capacities, and technological capacities of societies, natural systems
have a more or less constant sensitivity to climatic stimuli. The basic question for all regular impacts is
what level of climate impacts is considered tolerable, taking into account the potential for non-climatic
developments and adaptation.

In the classification of the five reasons for concern, singular impacts are represented by large-scale
singular events and the extreme events category. So far, guardrail analyses have focussed on preserving
the thermohaline circulation (Toth et al., 1998b; Zickfeld and Bruckner, 2003). However, uncertainty
about future impacts is particularly large for singular impacts. The climate impact response functions
presented in this thesis focus on ‘regular’ impacts. They address aggregate impacts, the distribution of
impacts, and, to some extent, threats to unigque systems.

Consideration of uncertainty

The guardrail approach, as described above and implemented in the ICLIPS model, is a purely deter-
ministic approach. It implicitly assumes that future climate change and its impacts can be described
deterministically. Due to the large uncertainties involved in climate change, a formal treatment of un-

certainties will be the main issue in the further development of the guardrail approach. Compared to
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other decision-support frameworks, however, even the deterministic guardrail approach encourages the
consideration of uncertain information. Various guardrail analyses undertaken for the German Advisory
Council on Global Change (WBGU), for instance, have considered the ‘borders of ignorance’ by not
allowing the climate system to significantly transgress the global temperature range experienced during
the evolution of human civilizations (WBGU, 1995, 1997). Uncertain impacts can also be accounted
for by the specification of probabilistic guardrails, which limit the probability of a certain undesirable
outcome. For a more in-depth discussion of the consideration of uncertainties in the guardrail approach,
the reader is referred to Bruckner et al. (1999); Toth et al. (2003b); Kleinen et al. (2003).

2.4 The ICLIPS integrated assessment model

The guardrail approach was operationalized in the ICLIPS (Integrated Assessment of Climate Protec-
tion Strategies) modelling framework. The ICLIPS model is designed to help social actors in making
informed judgements about climate change impact targets, mitigation costs, and implementation mecha-
nisms, and to explore their implications for long-term future emission paths as well as for intermediate
emission targets. In the hierarchy of Earth system models suggested in Schellnhuber and Kropp (1998),
the ICLIPS model lies between a “conceptual model” and an “analogical model”.

This section explains the mathematical implementation of the guardrail approach in the ICLIPS
model, outlines the structure of the model, presents its major application modes, and briefly discusses
the handling of uncertainty.

2.4.1 Mathematical foundation

The ICLIPS IAM implements the guardrail approach as a specially formulated dynamic control problem.
The transient behavior of the coupled global economy-climate system is described by a (deterministic)
dynamical model given by a set of (potentially time-dependdifigrential equations

c(t) = flzu,t) (2.1)
with respectivanitial conditions
x(ty) = o (2.2)

that links the evolution of thetate vectorz € IR™ (Euclidian n-space) to a (piecewise continuous)
control vectoru € U. The state vector comprises all variables that are necessary to describe the time
evolution of the climate-economy system with sufficient precision, such as the concentrations of all
major greenhouse gases and global mean temperature change. It may also include additional aggregated
variables for the purpose of guardrail definition. Depending on the particular model and the goal of the
analysis, the control vector may include variables such as the emission of greenhouse gases, the level of
carbon taxes, and the investment in renewable energy research.

The policy targets to be explored in any given guardrail analysis impose environmental, climatic,
economic, and social constraints on the climate-socioeconomic system. In principle, any component of
the state or control vectors can be included in the definition of guardrails. The set of all guardrails can
be described in vector form by an application-dependenstraint function

h(z,u,t) < O. (2.3)
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This formulation is general enough to account for simultaneous restrictions on the present value of certain
control variables and on the present value, cumulated values, and the rate of change of certain state
variables.

A guardrail analysis intends to identify the set of all climate protection strategies that simultane-
ously satisfy all constraints on the state and control variables. This leads to the problem of dynamic
non-uniqueness, which can be treated most suitably by using the theories of differential inclusions and
optimal control. Most importantly, the theory of differential inclusions (or multivalued differential equa-
tions) provides some powerful theorems on the existence and optimality of solutions, and methods to
obtain these solutions (Aubin and Cellina, 1984; Aubin, 1991; Deimling, 1992). The correspondence be-
tween control problems and differential inclusions is easily seen by expressing the control system from
Equation 2.1 as the equivaledifferential inclusion

z(t) € f(z,U,1)

= U f(x,u,t). (2.4)
ueU

Inserting the constraint function (Equation 2.3) into the dynamical model (Equation 2.1), we obtain the
differential inclusion

0

m

F(x,t)
= {f(z,u,t)|u € UAh(z,u,t) <0}. (2.5)

In contrast to traditional optimal control problems, we are not interested in a siptiieal path, but in
a family of admissiblepaths. The most comprehensive solution of the differential inclusion

z(t) € F(x,t), r€IR", teT (2.6)

for the time periodl” = [ty, t.] with initial conditionsxz(ty) = x is theset of admissible trajectories
denoted as

S(F,T,zy) = {a()€ AC(T,R")|z(to) = xo AVier &(t) € F(z, 1)} 2.7)

whereby AC(D, R) denotes the Banach space of absolutely continuous functions with ddpaimd
range R. Applying Equation 2.7 to the ‘ICLIPS differential inclusion’ (Equation 2.5), we obtain its
solution

S(T,zo) = {z() € AC(T,IR") | z(to) = ®o A
Jueyers Uy Veer &(t) = f(x,u,t) A h(z,u,t) < 0} (2.8)

wherebyL, (D, R) denotes the Hilbert space of measurable functions with doiand range?.

Given the initial conditions, the set of admissible state trajectoriesdbof admissible futurgss
uniquely determined by thset of admissible control pathsEven in the case of a highly aggregated
IAM, each of these sets (if they are non-empty) will typically consist of an infinite number of time tra-
jectories in a high-dimensional state space. The actual determination of these path bundles, which would
require a complete model inversion, goes far beyond what can be achieved either analytically or numeri-
cally. Implementations of the guardrail approach must therefore be concerned with the determination of
‘partial solutions’, which consist of projections of the high-dimensional set of admissible state-control
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trajectories onto pertinent subspaces related to crucial variables of the model. Fortunately, various inter-
esting partial solutions can be derived without knowing the complete solution. In particular, Leimbach
and Bruckner (2001) have developed a generally applicable method to determine the boundaries of the
control space portrayed as necessary emission corridors in discrete form by successively solving a mul-
titude of dynamic optimization problems. The remainder of this section discusses policy-relevant partial
solutions of guardrail analyses. For a more formal discussion, see Bruckner et al. (1999); Petschel-Held
et al. (1999); Bruckner et al. (2003b).

The most important partial solutions that can be determined by the ICLIPS model are necessary
(emission) corridors. Aecessary corridoprojects the full solution (i.e., the bundle of all admissible
trajectories) onto a plane that is defined by the time axis and the axis of a specific state or control variable,
most often global greenhouse gas emissions. It is defined as

Cori(T,@o) = {(zi,t) € IR x T |3Ip()es(ra,y) =(t)], = i}, (2.9)

wherebya:|i denotes the projection of the vectemnto itsi-th dimension. For the sake of convenience,
we interpretS(T, x() here as the set of admissitdéate-controltrajectories during the time period T
with initial conditionsxzy.

It is important to understand that a necessary corridor does not contain information about the dynam-
ics of the system because the projection operates on single points rather than whole emission trajectories.
Therefore, every point inside the corridmanbe reached by an admissible trajectory, and every trajectory
that leaves the corridor is cleanhot admissible. However, an arbitrary trajectory lying inside the emis-
sion corridor is not necessarily admissible. In particular, the upper boundary of the necessary emission
corridor is generallynot an admissible emissions path.

To aid the interpretation of model results, the presentation of necessary emission corridors is often
complemented by selected admissible emission paths that indicate the ‘inner structure’ of the solution
space, such as in Figure 2.4. This diagram shows an illustrative necessary emission corridor (in green),
which was determined by the algorithm described in Leimbach and Bruckner (2001) based on certain
constraints for future climate development. The horizontal axis represents time, and the vertical axis
denotes the level of greenhouse gas emissions. The red line depicts the (unmitigated) reference emission
scenario that serves as an upper bound for any emission scenario. Of particular interest are the blue
trajectories inside the corridor that define the upper boundary of the corridor for discrete points in time.
We observe that emission paths that maximize emissions at a certain point in time lie far inside the
corridor before and afterwards. Hence it is hot admissible to follow the upper boundary of the corridor
for the whole time period. (In contrast to the corridors for emissites presented here, the upper
boundary of the corridor afumulativeemissions presented in Petschel-Held et al. (1998)feasible
control path.)

The (necessary) emission corridor —representing ‘policy space’'— allows some degree of flexibility
in choosing the actual emission path. Negotiators can consider policy details that are not explicitly
modelled and can set near-term targets within the corridor accordingly. For example, experience from
the negotiations about national emission targets for the Kyoto Protocol indicates that the mitigation
commitments that are decided upon in international agreements are determined by various domestic
considerations (energy, industrial, transport, agriculture, and other policies), which are impossible to
represent adequately in a highly aggregated long-term model. However, the emission corridor is helpful
because it clearly indicates the range inside which aggregated global emissions need to be in a given year.
Depending on the emission target being considered, the model can calculate a new subcorridor within
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Figure 2.4: Inner structure of an illustrative necessary emission corridor

the original emission corridor for the rest of the time horizon. This flexibility also allows mid-course
corrections in light of new information and recalculation of the emission corridor on the basis of revised
model parameters or normative targets.

Through a low-dimensional parametrization of control space, it is also possible to determine suffi-
cient conditions for admissible control strategies. For an example with an earlier version of the ICLIPS
model, see Petschel-Held et al. (1999). In principle, one can also detesuffiogent emission corridors
in the sense that all parameterized emission trajectories inside the corridor are admissible. However, the
additional constraints needed to ensure this kind of ‘generalized convexity’ are rather strict.

Another interesting result of the ICLIPS model aeachable domainsdefined as feasible combi-
nations of values of at least two model variables under given constraints. A two-dimensional reachable
domain is defined as

Reachj (T, zy) = {(v,2;) € IR?| Jx()es(T,xo) teT :13(1f)|Z =1z; A a:(t)|j =z} (2.10)

Reachable domains can, in principle, be determined for any combination of model variables. An algo-
rithm for determining reachable climate domains is presented in Section 3.6.5, and selected results are
presented in Section 4.1.

2.4.2 Model structure

IAMs addressing the climate change problem deal with a very heterogeneous system. They face a number
of challenges in terms of the diversity of spatial and temporal scales as well as the complexity of the
processes involved. IAMs need to account for global GHG emissions from all major sources. However,
they should also be able to deal with climate change impacts in relevant sectors at a level of regional
detail that is relevant for (at least) national-level policymakers. The atmospheric residence times of most
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GHGs and the inertia of the atmosphere-ocean-terrestrial biosphere system demands long-term analysis
extending over centuries. In contrast, assessments of socioeconomic and technological development
patterns, the resulting GHG emissions and mitigation costs are highly uncertain beyond a few decades
into the future. Policy attention is also focussed on actions to undertake in the next decade or two.
Complexities range from highly non-linear processes in the Earth system to the intricacies involved in
instruments and implementation mechanisms of various mitigation options.

IAMs to be used for inverse analysis face additional challenges. The determinatsatsof ad-
missible emission paths requires the consideration of a very large number of scenarios. Hence, the
computational efficiency of each (dynamical) model component is a crucial criterion. In response to
these challenges, the ICLIPS IAM is implemented as a tightly interconnected system of submodules that
differ in their spatial resolution, temporal characteristics, and application modes.

Figure 2.5 shows the structure of the ICLIPS model and the data-flow for different application modes
that will be described in Section 2.4.3. The core of the ICLIPS model system is the ICLIPS climate-
economy model (ICEM) that combines a highly aggregated multiregional model of the world economy
and a multi-gas reduced-form climate model in an optimizing framework (Toth et al., 2003a). ICEM
is linked to a reduced-form impacts module that consists of sector-specific global and regional climate
impact response functions (CIRFS).

The ICLIPS aggregated economic model (AEM; Leimbach and Toth, 2003) is a Ramsey-type op-
timal growth model. It describes the most essential elements of the long-term economic development
process, the investment and capital accumulation cycle, in an endogenous way. The global economy
is split into eleven regions so that the AEM can cope with the varying starting conditions and devel-
opment patterns of different regions and depicts essential growth dynamics elements that result from
interregional relations. AEM allows for the mobility of capital and intertemporal trade as well as trading
of GHG emission rights among regions. Similar to the economic modules of other IAMs, the economic
growth path is determined by exogenous population and endogenous investment dynamics. Assumptions
about productivity change are elaborated in a technological diffusion model that describes the process of
regions that are currently less developed catching up with more developed ones as a result of technology
transfer. Baseline emissions throughout the twenty-first century resemble the SRES A1FI emission path
(Nakicenovic and Swart, 2000).

The ICLIPS model incorporates dynamic regional carbon-mitigation cost functions (Gritsevskyi and
Schrattenholzer, 2003). The procedure combines processes of technological change in energy systems
over the long term in the context of macroeconomic models and establishes relatively simple relationships
between cumulative mitigation actions, technological changes, and their effects on economic develop-
ment. A multitude of scenarios is processed statistically to derive dynamic carbon-mitigation cost curves.
These cost curves are used to determine the costs efe@ssion reductions relative to emissions in
the baseline scenario. Since capital stock dynamics in the energy sector are not explicitly modelled in
the core model, an upper limit has been set to the rate of emission reduction to prevent unrealistic model
behavior.

Greenhouse gas emissions link the AEM to the ICLIPS climate model (ICM; Bruckner et al., 2003a).
ICM accounts for all major greenhouse gases —carbon dioxide Gfethane (CHhl), nitrous oxide
(N2O), halocarbons, sulfur hexaflouride (@Ftropospheric and stratospheric ozong)(@nd strato-
spheric water vapor— as well as the (globally averaged) radiative effects of aerosols originating from
sulfur dioxide (SQ) emissions and biomass burning. In contrast to most optimizing integrated assess-
ment models, the ICLIPS dynamic optimization model includes nonlinear carbon-cycle and non-CO
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Figure 2.5: Structure and application modes of the ICLIPS integrated assessment model. Source: Toth
et al. (2003a).

chemistry as well as climate and sea-level rise modules that reflect state-of-the-art understanding of the
dynamic behavior of the systems involved. The biogeochemical modules convert emissions into concen-
trations, and the climate module translates the corresponding radiative forcing (changes in the radiative
energy balance of the Earth) into global mean temperature increases over time. The projected change
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in global mean temperature is used to scale patterns of regional changes in temperature, precipitation,
and cloud cover derived from more complex climate models, the so-called general circulation models.
Finally, sea-level rise modules calculate changes from thermal expansion of oceans and ice melting.

ICEM is programmed in GAMS (General Algebraic Modelling System; Brooke et al., 1994). Since
GAMS does not provide for a dynamic description of model variables and their relationships, a GAMS
model needs to be specified for discrete time steps, whereby differential equations are approximated by
appropriate difference equations. The initial dynamic optimization problem is therefore transformed into
a high-dimensional static optimization problem, which can be addressed by suitable non-linear solvers.
ICEM is computationally very efficient because it distinguishes only a few world regions. Whereas this
level of detail is sufficient for reproducing important features of the dynamics of the economic system and
the climate system, meaningful assessments of climate change impacts typically require a finer spatial
resolution.

ICEM is linked to the ICLIPS impact module, which consists of a comprehensive set of regionalized
CIRFs (see Chapter 3) via pathways for £gdncentration and global mean temperature change. CIRFs
indicate how climate-sensitive sectors and systems react to changes in selected indicators of the global
climate system. They have been developed in order to incorporate information from geographically
explicit impact models into the integrated ICLIPS model without impairing its computational efficiency.
The climatic input to the impact models is constructed by a scaled scenario approach that uses maximum
information from GCM experiments in a highly efficient manner. Results are typically presented at the
level of single countries or groups thereof.

The integrated ICLIPS model is supplemented by the ICLIPS Impacts Tool, a graphical user inter-
face that provides access to a large set of results from the impact simulations performed in the ICLIPS
framework (see Section 3.7).

2.4.3 Application modes

The ICLIPS model can be applied in three different modes:

Forward mode: The model is used for scenario analyses to determine how a given scenario of socioe-
conomic development and associated GHG emissions affects climate change and its impacts. lllustrative
results are presented in Section 4.2.1.

Inverse mode: The model is used for guardrail analyses to demarcate the emission policy space under
exogenously specified environmental and social targets. The ICLIPS model steps beyond the span of
all other global IAMs by allowing users to establish climate stabilization objectives on the more tan-
gible basis of what they consider unacceptable impacts (such as reduced food production potential or
ecosystem change) rather than on the more abstract basis of GHG concentrations of GMT change, and
by determining the set of admissible climate protection strategies instead of just one.

An inverse application of the ICLIPS model involves various steps, as shown in Figure 2.6. In the
decision stepsocial actors as users of the ICLIPS model can specify their willingness to accept a certain
amount of climate change impacts in important sectors in their own jurisdiction by means of appropriate
climate change indicators covered by a CIRF from the impacts module. Given the aggregation level of
the impacts module, detailed knowledge of the affected impact sector and good understanding of the
surrounding socioeconomic conditions are generally required to make an informed judgement about the
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Figure 2.6: Structure of a guardrail analysis with the ICLIPS integrated assessment model

level of climate change induced impacts with which the given sector or region can cope. Itis, of course,
possible to ignore the CIRFs and to define acceptable changes directly in climatic terms. Second, the
same social actors can reveal their perceptions about their society’s willingness to pay for climate change
mitigation in terms of the acceptable social costs for their nations as well as in terms of acceptable burden
sharing principles and implementation schemes internationally. The model user can also specify inter-
and intragenerational equity preferences, e.g., in terms of the initial allocation of the total emission
budget across regions and possible changes of the allocation rule over time

The decision step is followed by amalysis steplf GHG emission paths exist that satisfy the set of
constraints specified in the analysis step, the model determines an emission corridor that contains all such
permitted paths. Itis important to remember that each point within or at the boundary of the corridor can
be reached by at least one acceptable emission path whereas not all arbitrary paths within the corridor are
necessarily permitted paths. For the given set of constraints, the emission corridor can be perceived as
the room to maneuver for global climate policy over the long term. Specific ‘interesting’ policy paths can
then be assessed in detail using both quantitative and qualitative information. If no such path exists, the
user-specified guardrails need to be revised because they are not compatible with each other. The loos-
ening of constraining impact guardrails may involve compensations for unavoided impacts or resource
transfers to increase the adaptive capacity in the most vulnerable regions and sectors. Alternatively, will-
ingness to pay for emission reductions can be increased or more cost-reducing flexibility instruments can
be allowed on the mitigation side. lllustrative results are presented in Section 4.5.

Cost-effectiveness mode: The economic constraints in a guardrail analysis are replaced by the ob-
jective to maximize discounted global welfare. In that way, the model determines the least-cost policy
path (within the emission corridor determined in an inverse analysis) that is compatible with the given
environmental guardrails. lllustrative results are also presented in Section 4.5.
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2.4.4 Handling of uncertainty

Future climate change and its impacts are subject to many uncertainties. The accumulation of uncertainty
throughout the process of climate change prediction and impact assessment has been variously described
as a ‘cascade of uncertainty’ (Schneider, 1983) or the ‘uncertainty explosion’ (Henderson-Sellers, 1993).
Hence, the treatment of uncertainties is a crucial concern in any climate change assessment.

There are various taxonomies of uncertainty in the context of IA. A broad classification distinguishes
between uncertainty due to variability and uncertainty due to limited knowledge. These two categories
are closely related taleatory andepistemicuncertainties, respectively. For a more detailed discussion
of this topic, see Morgan and Henrion (1990); van Asselt and Rotmans (2002).

The major techniques for examining the effects of uncertain inputs within a predictive model are:

Sensitivity analysis computes the effects of changes in inputs on model predictions.

Uncertainty propagation (or stochastic modelling) generalizes sensitivity analysis by calculating the
uncertainty in the model outputs induced by the probabilistically described uncertainties in its
inputs.

Importance analysis compares the importance of the input uncertainties in terms of their relative con-
tributions to uncertainty in the outputs.

Whilst sensitivity analysis has been extensively applied to the ICLIPS model, there are various prac-
tical and methodological obstacles that currently prevent the application of uncertainty propagation and
importance analysis in guardrail analyses of global climate change. First, both techniques are targeted at
predictive models that determine single-valued outputs which can be described in probabilistic terms. In
contrast, the output of models implementing the guardrail approach consists of complex sets that are not
amenable to a straightforward description by a probability distribution. It is, for instance, not clear how
to define (or compute, or visualize) a stochastic emission corridor. Second, both techniques require a de-
scription of uncertain parameters by (objective or subjective) probability distributions. However, this is
not possible for many sources of epistemic uncertainty in the context of climate change due to empirical,
methodological, institutional, and philosophical problems (Webster, 2003). There are even types of evi-
dential knowledge that cannot be described in terms of probabilities at all (Dempster, 1967). The theory
of imprecise probabilitieprovides various mathematical techniques that do not require fully probabilis-
tic descriptions of uncertain inputs (Walley, 1991, 2000). Evidence theory and possibility theory, for
instance, generalize the concept of ‘probability’ by providing lower and/or upper bounds on probabilities
rather than exact values. Unfortunately, these techniques are in general more complicated than probabil-
ity theory. Hence, their application in the context of climate change is currently limited to very simple
models. Furthermore, the results are typically characterized by very large output uncertainties (see, e.g.,
Kriegler and Held, 2003).

The exploration of uncertainties with the ICLIPS model largely follows the practice prevailing in
other recent IAMs of similar complexity. The integrated model as well as its main modules have been
exposed to systematic sensitivity tests by varying one key model parameter after another across a plau-
sible range and observing how the fundamental output categories change as a result. The results of
selected sensitivity analyses are reported in Chapter 4. For additional uncertainty analyses with the in-
tegrated ICLIPS model, see Toth et al. (2003a,b), and for analyses with the impacts modulsssste F~
and van Minnen (2001); ssel et al. (2003).



Chapter 3

Impacts modelling in the ICLIPS
Integrated assessment model

This chapter describes the development of the impacts module of the ICLIPS integrated assessment
model. Section 3.1 reviews the representation of climate impacts in ‘traditional’ integrated assessment
models of climate change (IAMs), Section 3.2 describes the requirements and principle options for the
consideration of impacts in ‘inverse’ IAMs, and Section 3.3 presents the pattern scaling approach for
projecting future climate change in the ICLIPS model. Based on that work, Section 3.4 introduces the
concept of climate impact response functions (CIRFs), which is central to the consideration of climate
impacts in the ICLIPS model, and Section 3.5 describes the impact indicators and models applied in
the various sector-specific CIRFs. Section 3.6 presents various applications of the CIRFs, including
algorithms for the parameterized approximation of ‘tolerable’ climate windows and for the computation
of reachable climate domains. Finally, Section 3.7 introduces the ICLIPS Impacts Tool, a graphical user
interface that provides convenient access to the large set of CIRFs developed for the ICLIPS model.

Section 3.1 is a review of the existing literature by the author of this thesis. Sectigns 3.2
and 3.3 present work of the author, some of which has already been publishédselF
and van Minnen (2001). Section 3.3 is partly based on climate projections that were
provided by external partners in the ICLIPS project. Sections 3.4, 3.5, and 3.6 present
work of the author, most of which has already been publishediss& and van Min
nen (2001); Fissel (2003b); Essel et al. (2003); Bruckner et al. (2003a). Section|3.7
presents work of the author that has already been publishedigsél (2002b, 2003b).

3.1 Impacts modelling in traditional decision frameworks

The discussion in the previous chapter revealed that there is no single best approach to the assessment of
climate impacts. Differences between existing assessments can, to a large extent, be linked to different
purposes, such as whether they were initiated to inform mitigation or adaptation policy. The adequate
representation of climate impacts in IAMs is complicated by the wide range of potential climate impacts;

by large uncertainties about future climate change, associated biophysical impacts, and the socioeco-
nomic determinants of vulnerability; by the diversity of plausible non-climatic developments; by the

59
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difficulty of accounting for autonomous and planned adaptation; and by the importance of subjective
valuations and aggregations.

Various approaches have been pursued in order to represent aggregated climate impacts in IAMs.
An early review of over 20 IAMs is presented in Tol and Fankhauser (1998). The focus lies on policy
optimization models but some policy evaluation models are included as well. (At the time of the review,
no policy guidance model had been developed.) The surveyed IAMs differ widely with respect to the
damage categories considered, the measurement unit, and the level of spatial detail, whereby the un-
derlying decision framework was the primary distinguishing factor. All optimizing models represented
climate impacts by aggregated monetary damage functions. Key issues in the specification of such dam-
age functions are the choice of explanatory variables (level and/or rate of change in global or regional
annual mean temperature, and possibly sea-level rise), the prescribed functional form (usually a poly-
nomial or a power function), the discount rate and time horizon, the choice of the welfare criteria for
aggregation across regions, and the treatment of uncertainty. The empirical foundation of such damage
functions was, however, rather weak. The functional relationship between climate indicators and (mar-
ket) impacts was typically devised by the authors and fit to a limited number of impact assessments.
Despite the impressive number of optimizing IAMs considered in Tol and Fankhauser (1998), monetized
impact estimates were found to Heased on a rather narrow set of studiegind“Damage modules
are often not more than ad hoc extrapolations around2R€ 0O, benchmark’ Most often, the damage
function was defined simply as a quadratic function of the change in annual global mean temperature
(AGMT). Impact estimates that considered both the rate and the level of change did this on an even more
speculative empirical base.

In contrast, policy evaluation models were found to be more science-oriented, geographically explicit
and had process-based modules to estimate climate impacts. All of them used grid-based projections of
monthly or daily temperature and precipitation, and some of them included also cloudiness, soil mois-
ture, and sea-level rise. Of course, the greater level of detail associated with this more extensive set of
climate inputs comes at the price of higher uncertainty than in projections of AGMT only. Interestingly,
the evaluation models were also found to be superior to the optimization models with respect to the con-
sideration of non-climatic developments and of adaptation. All except one of them included adaptive
responses to biophysical impacts and non-climatic developments, such as changes in land allocation,
crop management practices, and producers’ and consumers’ behaviour. These models also allowed for
adaptation capacity to depend on the socioeconomic situation.

Early examples of cost-benefit models include DICE (Nordhaus, 1994), in which the change in
AGMT is the only predictor for the impacts of climate change, and FUND (Tol, 1996), which also
considers the rate of change. Tol (2002a,b) later estimates a series of monetary climate damage functions
based on globally comprehensive studies using GCM-based scenarios. This impact model takes account
of the dynamics of both climate change and the impact sectors, and it uses statistical methods to combine
and extrapolate results of different studies over different climates and different degrees of vulnerability
to climate change. Another attempt to construct so-called ‘climate-response functions’ with a broader
empirical base was the development of the ‘global impact model’ (GIM; Mendelsohn et al., 2000). Here,
empirical studies of the US economy were used to establish a relationship between local temperature and
precipitation on the one hand and market impacts for each climate-sensitive sector on the other, which
was then applied worldwide.

The response of the climate system to anthropogenic forcing includes the potential for so-called
climate ‘catastrophes’ or (imaginable) ‘surprises’ (Schneider et al., 1998). These terms are used to
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denote changes in climate, atmospheric composition, or the geophysical Earth system with (almost)
global impacts. So far, there have been only a few attempts to include such events in IAMs. Gjerde et al.
(1999) present an optimizing IAM that takes into account both continuous climate-feedback damages
as well as the possibility of an (unspecified) catastrophic outcome. The hazard function representing
potential catastrophes is represented by a convex Weibull distribution, which is calibrated to represent the
aggregate result of a panel of experts who revealed their subjective probabilities for a climate catastrophe
contingent on a specific climate scenario. The version of the RICE model presented in Nordhaus and
Boyer (2000) comprises a set of regionally and sectorally disaggregated impact assessments based on a
willingness to pay approach. The estimation is undertaken for thirteen world regions and seven impact
categories, including ‘catastrophic impacts’ associated with major geophysical calamities. The resulting
impact functions indicate the fraction of annual income that a region is willing to pay to avoid the effects
of incremental climate change for a given sector. Keller et al. (2000) subject the DICE model (Nordhaus,
1994) to the additional constraint that the thermohaline ocean circulation (THC) must be maintained and
estimate the implications for an ‘optimal’ climate policy. THC collapse is calculated by a polynomial fit
to the results of a simplified ocean model. Mastrandrea and Schneider (2001) couple the DICE model
to a simple process-based climate model capable of representing abrupt changes in the THC. Azar and
Lindgren (2003) developed a stochastic version of the DICE model that includes the initial possibility of
an (unspecified) catastrophic outcome to investigate hedging strategies for mid-term climate policy.
Wright and Erickson (2003) review the state of scientific understanding regarding three frequently
mentioned geophysical catastrophes with a view toward their implications for integrated assessment
modelling, focussing on cost—benefit models. These catastrophes comprise a ‘runaway greenhouse’
driven by positive climate-methane hydrate feedbacks, rapid sea-level rise caused by a destabilization of
the West Antarctic ice sheet, and a THC disruption triggered by fresh-water perturbation. This analy-
sis reveals inadequacies in widespread model assumptions regarding climate change impacts in general,
and potential climate catastrophes in particular. Wright and Erickson (2003) find that the widespread
reliance on global mean temperature, which is assumed to be well-behaved and smoothly increasing,
as a ‘sufficient statistic’ for the purposes of policy optimization modelling has contributed to an overly
simplistic picture of climate change; that the application of ‘best guess’ scenarios systematically neglects
the possibility of low-probability, high-consequence events with the potential to significantly affect cli-
mate policy; that inappropriate assumptions about uncertainty and the resolvability of this uncertainty
play a key role for the implication of threshold-type climate catastrophes on ‘optimal’ emissions reduc-
tions; and that standard discounting practice in economic models is inadequate for the analysis of climate
impacts, given the possibility of greatly postponed yet significant consequences from near- and medium-
term actions. As a consequence, they call for a reframing of the source of climate change damages in
economic models, placing changes in climate predictability, rather than gradual changes in mean values,
at the focus of impact and adaptation assessments.

3.2 Impacts modelling in inverse decision frameworks

The previous section briefly reviewed the representation of climate impacts in IAMs based on ‘tradi-
tional’ decision frameworks. A key finding of this review was that IAMs based on policy optimization

and policy evaluation frameworks follow radically different approaches to the representation of climate
impacts. This section starts with a discussion of key requirements for the modelling of ‘smooth’ cli-



62 CHAPTER 3. IMPACTS MODELLING IN THE ICLIPS MODEL

mate impacts in ‘inverse’ IA frameworks, with specific reference to the ICLIPS model. It is argued that
climate impacts need to be represented by reduced-form models that approximate the results of more
complex process-based impact models. The relative merits of various approaches to developing such
reduced-form impact models are then briefly discussed.

3.2.1 Requirements

The characteristic feature of ‘inverse’ analyses of the climate change problem is that the analysis is not
restricted to a small number of predefined scenarios. In fact, (virtually) all feasible climate develop-
ment paths need to be assessed as to their compatibility with a set of guardrails specified by the model
user. Therefore, the modelling of climate impacts in inverse approaches in general, and in the ICLIPS
framework in particular, faces the following requirements.

Consideration of geographical heterogeneity: Anthropogenic climate change, and even more its im-
pacts, will manifest itself very heterogeneously across the world. Models for smooth climate impacts
applied in an inverse analysis need to be spatially explicit, with implications for the assessment and com-
munication of uncertainty, in order to enable the specification of guardrails for regional climate impacts.

Application efficiency: An inverse analysis involves the assessment of a large number of future tra-
jectories. In order to limit the overall computational costs, an implementation of the inverse approach
needs to constrain the computational complexity of a single model run as well as the number of model
runs necessary for the determination of the result set.

The former goal calls for the application of efficient reduced-form impact models instead of sophis-
ticated yet overly complex climate impact models. The most important methods to achieve the latter
goal are parametrization, optimization, and regresdfanametrizatiordenotes the description of future
system states or (control) scenarios by a few parameters. If the parameter space is low-dimensional, a
representative subset of scenarios can be tested as to their compatibility with the specified guardrails.
However, given the complexity of the climate change problem, the explanatory power of a model with
a low-dimensional domain is generally limite@ptimizationexploits certain properties of the math-
ematical model of the system or of the result set (such as smoothness, monotonicity, connectivity, or
convexity) to restrict the simulations to those scenarios that may be relevant for the determination of
the result.Regressiorenotes the development of a statistical model that links certain input and output
variables, based on the outcome of a large number of simulation runs with the full model.

The ICLIPS model (see Section 2.4) employs parametrization as well as optimization in order to
constrain its computational demand. The control space of the ICLIPS climate-economy model (ICEM)
is parameterized by formulating the model for discrete time steps, and the computation of emission corri-
dors is actually done by solving many optimization problems. In contrast, the safe landing method, as de-
scribed in (Alcamo and Kreileman, 1998), applies a regression technique for determining so-called “safe
emission corridors”. A low-dimensional parametrization of plausible future climate states has also been
applied to specify the domain of definition of the climate impact response functions (see Section 3.4).

Development efficiency: Computational efficiency is a crucial requirement not only for dpplica-
tion of a (reduced-form) impact model in an inverse framework; the computational requirements for the



3.2. IMPACTS MODELLING IN INVERSE DECISION FRAMEWORKS 63

developmenbof the reduced-form model need to be reasonable as well. This requirement restricts, in
particular, the development of spatially explicit empirical-statistical impact models with many indepen-
dent input parameters where the fitting procedure would require a large number of simulations with the
original impact model.

Descriptional conciseness: The amount of memory available for storing the reduced-form model may
also be a limiting factor. This constraint is most relevant for table-based reduced-form impact models.

Software compatibility: The reduced-form impact model employed in an inverse analysis needs to be
compatible with the other components of the integrated assessment model that it is linked to.

In the ICLIPS model, the impact model effectively serves to constrain the computation of feasible
emission paths by ICEM, which is programmed in GAMS. GAMS requires a model to be specified in
terms of variables, sets, equations and inequations but it does not allow the call of external subroutines
(such as an impact model) that could perform calculations for specific values of model variables. Hence,
the only feasible way to represent impact guardrails in the integrated ICLIPS model is to specify them
as inequalities that incorporate variables from ICEM, and to include these inequalities as constraints in
the GAMS code. The method for translating impact guardrails into a set of inequalities is described in
Section 3.6.4.

Scientific validity:  Last but not least, the reduced-form model should reproduced the key characteris-
tics of the sophisticated impact model. The scientific validity of the reduced-form model may be impaired
by unrealistic restrictions of the input variables, by unrealistic assumptions about the functional form of
the relationship between input and output variables, and by unrealistic assumptions about the topography
of the result space.

3.2.2 Types of reduced-form impact models

We have argued above that global IAMs to be applied in an inverse framework, such as the ICLIPS
model, require the application of efficient (i.e., reduced-form) impact models. We now present several
types of (reduced-form) impact models and discuss their suitability for ICLIPS, based on the criteria
specified above.

Figure 3.1 shows the major categories of reduced-form impact models, and sketches their develop-
ment. The first step always consists of the application of a process-based impact model, which performs
scenario analyses for a representative set of (parameterized) inputs. In the second step, the resulting
look-up table is used to develop a reduced-form model. The following categories of impact models are
considered in Figure 3.1:

Process-based impact modelsexplicitly simulate those real-world processes that are most relevant

for a specific impact domain. Typical examples include models for sea-level rise that are developed
around equations for thermal expansion and ice melting and crop models that start from determining
photosynthetic rates to eventually arrive at potential crop yields. Some of these models also allow to
assess the effects of various adaptation options in a changing climate. Process-based models are the
back-bone of model-based climate impact assessments as they represent the state of the art of impact
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Figure 3.1: Alternatives for developing reduced-form impact models

modelling. However, this advantage generally comes at the price of extensive data requirements and
high computational demand.

Look-up tables and table-based models store the results of an impact model for a representative

set of combinations of its input variables. They are particularly useful if the original impact model is
computationally demanding, and if the 1A analysis requires the evaluation of many climate scenarios.
A table-based model typically consists of the look-up table and an interpolation routine for determining
intermediate function values. The greatest advantages of table-based models are their computational
efficiency, and their independence from agriori knowledge about the functional relationship between

the input and output variables of the impact model. Their greatest disadvantage is that their size increases
exponentially with the number of (independent) input variables. As a result, they become unhandy if
more than a few independent input variables are involved.

Empirical-statistical models comprise a broad class of models where a given analytical expression
has been calibrated to a set of observed or simulated data. They may either be usedtanative

to process-based impact models (if the state of knowledge about a system does not allow for a process-
based simulation; not shown in Figure 3.1) or as an efficeiistitutethat approximates their results,

which were previously stored in a look-up table. Clear advantages of this category of models are their
computational efficiency and their concise description. The most important disadvantage is that they
require previous knowledge about the functional relationship between input and output variables (e.g.,
linearity), and that the calibration procedure may be very time- and data-demanding, depending on the
number of spatial units that require independent calibration and on the number of available data points.

Neural networks emulate certain characteristics of biological brains by (often parallel) computers. A
neural network consists of several layers of interconnected neurons each of which translates an input
vector into a scalar output. The behaviour of a neuron depends on its so-called firing function and
the weights associated with its inputs. A neural network first has to be trained by a rather large set
of known input-output combinations (e.g., climate vectors and associated impact values derived from
observations or process-based impact models). This training works by sequentially adjusting the weights
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of the neurons through some learning algorithm until the neural network satisfactorily translates input
vectors into the corresponding output values. For further information, see, e.g., Haykin (1999). The
main advantage of neural networks, compared to simpler empirical-statistical models, is that they do
not require an a priori specification of the functional form of the input-output relationship. However,
the training of a neural network is more complex because it involves various choices about the learning
algorithm.

3.2.3 Conclusions for the ICLIPS model

The main purpose of impacts modelling in ICLIPS is to enable the translation of impact guardrails into
constraints for ICEM. Other applications of climate impact response functions (CIRFs), as mentioned in
Section 3.6.3, are by-products of that exercise. Table-based CIRFs were chosen as the most appropriate
reduced-form representation of climate impacts in the ICLIPS model since there was no compelling
reason to develop more sophisticated reduced-form impact models such as empirical-statistical models
or neural networks. The choice of this approach provides flexibility for specifying impact guardrails for
different geographical units by aggregating the results for individual countries to larger world regions.
Depending on the impact indicator, this aggregation is done on the basis of the area, population, or other
relevant characteristics of the respective countries.

3.3 Climate scenarios for inverse impact assessments

Most ecological and social systems are sensitive to climatic stimuli and thus potentially vulnerable to
anthropogenic climate change. However, the actual climatic drivers and their predictability differ signif-
icantly between different systems and impacts. A common classification of climate variables for use in
climate impact assessments (Willows and Connell, 2003) distinguishes bgivimany variables(e.g.,
temperature, precipitation, wind, cloud cover, mean sea level, c@@centration)compound variables
dependent on combinations of several primary variables (e.g., humidity, evapotranspiration, mist and
fog, actual sea level, growing seasopijpxy variableshaving close and possibly complex dependence

on other climate variables (e.g., soil moisture, water run-off), symbptic variablesnmeasured over a

large spatial domain (e.g., weather types, pressure, pressure gradient, storm tracks, ocean climatology,
lightning). Whilst a consideration of all these categories in climate projections for impact assessments is
desirable in principle, it is obviously not feasible. This is even more true for global analyses, given the
large differences in the availability of historical and simulated climate data (and of suitably calibrated
impact models that could appropriately use them) in different regions of the world. Hence, the choice
of the type of climate projection to be used in a specific climate impact assessment necessarily reflects
a compromise between the knowledge about climate characteristics that are potentially relevant for key
systems in a region, the availability of reliable (probabilistic) projections for these variables, and the
ability to utilize these projections, either through formal modelling or through other, more qualitative
means. Of course, this choice is also influenced by the resources available for the assessment.

The basic idea that motivates inverse analyses of climate impacts, as performed by the ICLIPS
model, is to describe that part of the (climate) state space where no ‘intolerable’ impacts would occur,
and to identify long-term strategies that would keep the climate system within that ‘tolerable domain’.
Of course, the prevention of dangerous climate impacts is not that simple in reality: The cause-effect
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chain along which greenhouse gas (GHG) emissions affect atmospheric concentrations, radiative forc-
ing, global and regional climate, and climate impacts, is associated with large uncertainties. In addition,
non-climate developments play a crucial role in shaping the vulnerability of societies to climate change.

Even in a deterministic inverse analysis, there is the need to limit the dimensionality of the climate
state space to a tractable number that allows its effective partitioning according to the externally spec-
ified constraints. The main goal for the definition of the climate state space in an inverse IAM is thus
to provide maximum ‘relevant’ information about different trajectories of future climate change with a
minimum number of independent variables. Consequently, only such climate impacts can be meaning-
fully considered in an inverse analysis that can be linked with sufficient confidence to a limited number
of climate change indicators. While the application of a probabilistic framework can principally expand
the range of impacts suitable for inverse analyses, there is still considerable debate which uncertainties
about future climate impacts can be quantified (cf. Section 2.4.4).

Various approaches have been developed to construct climate change scenarios for (global) impact
analyses. Two of them are particularly suitable for the low-dimensional parametrization of future climate
states. In théncremental changes approaalso denoted as ‘synthetic scenarios’), arbitrary changes in
selected climate variables (typically annual temperature and precipitation) are applied uniformly across
the entire region under consideration (see, e.g., van Minnen et al., 2000a). While this approach is useful
for sensitivity analyses of the impact model and for a general assessmgoteotial climate change
impacts, it does not take advantage of the information available from sophisticate climate models. The
scaled scenario approador ‘pattern scaling technique’) describes future climate change by using an-
nual global mean temperature (AGMT) as a scaler for spatial patterns of climate anomalies derived from
forcing experiments with general circulation models (GCMs). In addition to these methods, temporal
and spatiabnalogue scenari@are sometimes used, where future climate is equated with a past climate,
or with a present climate from a different location. Such analogues may provide important information
on the potential and limitations for adaptation to climate change.

The remainder of this section describes the application of pattern scaling to construct the climate
scenarios used in the impact assessments of the ICLIPS model. We start this presentation with a general
description of the pattern scaling technique, which is followed by more detailed considerations on the
determination of climate change patterns, the emulation of multiple GCMs, the combination of historical
and simulated climate data, and the options for considering interannual variability.

3.3.1 Pattern scaling

Pattern scaling is a common method for the efficient construction of regionally and seasonally explicit
parameterized climate change projections. Elements of this technique were first introduced by Santer
et al. (1990), and it was subsequently developed into the form described here (Robock et al., 1993;
Viner, 1994; Smith and Pitts, 1997; Mitchell et al., 1999; Huntingford and Cox, 2000). This technique
describes future climate change by scaling spatial patterns of climate anomalies, derived from GCM
forcing experiments, to the respective change in AGMT, which can be simulated by a simple climate
model (SCM). Hence, the technique attempts to combine the advantages of both simple and complex
climate models, while overcoming their respective disadvantages in the context of IA.

The pattern scaling technique achieves efficiency and flexibility in approximating the results of tran-
sient GCM forcing experiments through a separate description of their dynamical behaviour and their
spatial variability. This separation is based on the assumption that transient changes in many pertinent
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climate variables on a regional scale are approximately linearly dependent on the mean change of a single
proxy variable, usually AGMT, across a plausible range of forcing scenarios. Formally, pattern scaling
can be described as

AVi(t,z,9) =~ AT(t)-V{(g), 3.1)

wherebyV is a climate variable (such as temperature or precipitatiot@notes a part of the annual cycle
(such as the whole year, a season, or a montis)a future point in timez is a forcing (or emissions)
scenario,g is a grid box (or other spatial unit), and the indicates that we are interested in climate
anomalies relative to the unforced climate. On the right side of the equalidy-) is the simulated
change in AGMT used as tlsealer andV;* is the normalizedesponse patterfor the respective climate
variable and season.

An application of the scaled scenario approach in an IAM requires three steps (Mitchell, 2001):

1. The (normalized) response pattern for each relevant climate variable and season is extracted from
the results of a GCM forcing experiment and is expressed in terms of the scaler, i.e., absolute or
normalized change in AGMT. Various options for doing so are briefly described in Section 3.3.2.

2. The selected forcing scenario is simulated by a SCM, giving a time series of the scaler. This is
described for the ICLIPS model in Bruckner et al. (2003a).

3. For any future point in time, the climate projection is constructed by multiplying the GCM pat-
tern with the value of the scaler from the SCM and by superimposing the so-determined climate
anomaly onto the baseline climate. Details of this step in the ICLIPS model are discussed in
Section 3.3.4.

The time-consuming is performed only once for each emulated GCM. The much simpler second and
third steps are performed for each climate scenario investigated by the IAM.

As mentioned before, pattern scaling relies on the assumption that transient climate projections for
increasing GHG concentrations as simulated by coupled atmosphere-ocean general circulation models
(AOGCMs) can be satisfactorily approximated by scaling fixed spatial patterns of climate anomalies to
the respective change in AGMT. Pattern scaling was already used with the results of equilibrium GCM
experiments (e.g., Santer et al., 1990; Hulme et al., 1995b; Schlesinger et al., 1997). However, the validity
of this assumption for different climate indicators (such as annual and seasonal means, and interannual
variability, of temperature, precipitation, and other climate variables) and across different GCMs and
forcing scenarios could only be thoroughly assessed when the results of long-term transient integrations
and ensemble experiments with AOGCMs became available.

The most comprehensive assessment of the accuracy of pattern scaling is described in Mitchell
(2001). We cited the key conclusions here even though this review was published after the main work
described in this thesis had been completed. It is important to note that the tested ‘accuracy’ refers ex-
clusively to theadditional errors introduced by scaling, i.e., to the technique’s ability to represent well
climate changes simulated by AOGCMs. This does not include an assessment whether the AOGCM
projections are good descriptions of future climate change. The main conclusions are as follows:

“By using ensemble experiments forced with increasing GHG concentrations from
HadCM2 (a fully coupled general circulation model), it is found that the estimates of re-
gional changes in seasonal temperature and precipitation made using pattern scaling tech-
niques are accurate [...] in terms of the statistical and practical significance of the errors



68 CHAPTER 3. IMPACTS MODELLING IN THE ICLIPS MODEL

introduced by pattern scaling. Itis suggested that pattern scaling is extended from the multi-
decadal mean to inter-annual variability, for which the technique is also found to be accu-
rate. [...] Using a sample of six fullyeripled GCMs it is confirmed that pattern scaling
may be applied to a wide range of GCMs. Pattern scaling enables an accurate estimate to
be made of the regional climate changes that would be simulated by a GCM under different
radiative forcing. [...]

A large proportion of the inter-model differences [in normalized climate change pat-
terns] might be attributable to internal variability, and might not be ‘disagreements’ at all.
[...] We conclude that a large pportion of the inter-model differences in estimated re-
gional climate change for a doubling of GQin the IPCC Second Assessment Report] may
be attributable either to differing climate sensitivities or else to internal variability.”

(Mitchell, 2001, Chapter 8)

These encouraging conclusions are in contrast to widely held assumptions that pattern scaling is a
good approximation for temperature (which is spatially continuous, represented well by GCMs, and has
a high signal-to-noise-ratio under radiative forcing) but that it works poorly for precipitation. The main
difference between studies that found low accuracy for precipitation (e.g., Mitchell et al., 2000) and (re-
cent) studies that found good accuracy (e.g., Huntingford and Cox, 2000; Dai et al., 2001; Mitchell, 2001)
is the use of ensemble experiments in the latter ones, which increased the signal-to-noise-ratio of the pro-
jected precipitation changes. For instance, Dai et al. (2001) compared regional patterns of seasonal-mean
temperature and precipitation changes from GCM ensemble experiments between a business-as-usual
and a greenhouse-gas stabilization scenario. The correlation coefficients between the two scenarios were
r =~ 0.99 for temperature, and ~ 0.93 for precipitation, respectively. In Section 3.3.2, an alternative
method is presented for analyzing the accuracy of pattern scaling that also works for the ressitiglef a
forcing experiment. This method, which was applied in ICLIPS, is based on an analysis of the variance
explained by the first, and subsequent, empirical orthogonal functions, and of the transient behaviour of
the respective time coefficients.

Specific results from Mitchell (2001, Chapter 4) with relevance to the application described here
are that (a) patterns form high emission scenarios give a better approximation of the response in a low
emission scenario tharice versai.e., there is a superiority of interpolation over extrapolation; (b) in
stabilization scenarios, there tends to be a smoothing out of the regional contrasts in temperature re-
sponse; (c) the hydrological intensification is inversely related to the rate of increase in radiative forcing
because a slow increase in radiative forcing increases the warming of the ocean as a proportion of the
total warming; and (d) it appears reasonable to scale patterns constructed from single scenarios (in con-
trast to ensembles). These results suggest to derive response patterns to be applied in the analysis of
long-term climate impacts from long-term scenarios where the rate of increase in radiative forcing lies
within the upper range of plausible future scenarios. This is exactly what has been done in ICLIPS.

The climate change scenarios applied in the ICLIPS model, and those analyzed in Mitchell (2001),
assume that the climate system is forced by spatially uniform increases in the concentrations of radia-
tively active atmospheric components. This assumption is valid for long-lived well-mixed greenhouse
gases, such as GOCH,, and N O, but not for short-lived sulphate aerosols. Mitchell et al. (2000) found
that response patterns from GHG-only scenarios differ significantly from those for GHG-plus-aerosol
scenarios. However, the SRES emission scenarios recently developed by the IPCC project future emis-
sions of SQ, the main precursor of sulphate aerosols, which are much lower than in the 1S92 scenarios



3.3. CLIMATE SCENARIOS FOR INVERSE IMPACT ASSESSMENTS 69

adopted by Mitchell et al. (2000). As a result, the error of not considering the regional climate effects of
sulphate aerosols is not nearly so great as previously thought. Forward analyses employing the pattern
scaling approach may take advantage of recent enhancements of the pattern scaling technique, where
GHG patterns and a number of region-specific sulphate aerosol patterns are individually scaled and lin-
early recombined (Ramaswamy and Chen, 1997; Schlesinger et al., 1997). This approach has not been
followed in the ICLIPS model since appropriate data from a range of GCMs had not been available when
the model structure was developed.

It is important to note that none of the GCM scenarios investigated in Mitchell (2001) involves any
large-scale singularities. Additional scalers would be required to capture important nonlinear effects
such as a regional cooling that may be caused by a weakening of the global ocean circulation (see, e.g.,
Rahmstorf, 1995). Another improvement to pattern scaling is suggested in Mitchell (2@04)pe-
rior form of pattern scaling might use two parameters: one parameter might estimate the unstabilized
response as a function of the scaler .[], and anadditional parameter might estimate the stabilizing
component of the response, perhaps as a function of the gradient of the scaler”

3.3.2 Determination of climate change patterns by EOF analysis

Three different techniques have been used to extract spatial response patterns from transient GCM inte-
grations:

1. Linear regression
2. Anomalies for a particular time slice
3. Enhanced signal-to-noise ratio

The last technique is not considered here since it has been found to be “suboptimal” (Mitchell et al.,
1999, p. 550). Linear regression is the optimal method for capturing the climate change pattern from
a transient GCM forcing experiment. The regression may be done on the basis of a pre-defined scaler
(e.g., AGMT), or it may include identification of the ‘optimal’ scaler through statistical techniques such
as empirical orthogonal function (EOF) analysis. In ICLIPS, EOF analysis is applied if the transient
results of the GCM experiment are available; otherwise, time-slice anomalies are used.

EOF analysis is a statistical technique for sequentially identifying a system of orthogonal base vectors
that covers a maximal fraction of the variance exhibited in a collection of high-dimensional vectors (Mar-
dia et al., 1978; von Storch and Navarra, 1995). The first EOF corresponds to that (suitable normalized)
base vector that accounts for a maximum proportion of variance; each subsequent EOF is orthogonal
to the previous ones and ‘explains’ a maximum of the residual variance. Any vector from the original
collection can then be approximately represented by its coordinates in the new base.

Formally, EOF analysis can be described as

K
Vi = D uke- Vi e (3.2)
k=1
TheV; are the original high-dimensional vectors (e.g., simulated anomaly patterns for a specific climate
variable at a particular timg whereby the two-dimensional fields are regarded as a one-dimensional
vector),vy, is thek-th EOF (or time) coefficient o¥;, V. is thek-th EOF (or principal vector), ang;
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is the residual. The EOFs are defined as that séf ofthogonal vectors which sequentially minimize
the variance of the residual in Equation 3.2. The coefficients are given by

w = (Ve V3. (33)

For details on the computation of the EOFs, see, e.g., von Storch and Navarra (1995, Chapter 13).

Hooss et al. (2001) applied EOF analysis to the results of a long-term forcing experiment with the
periodically-synchronously coupled GCM ECHAM3-LSG at T21 resolution (Voss et al., 1998; Voss
and Mikolajewicz, 2001). In the scenario integration, the,G@ncentration was increased fourfold
from present-day level over a period of 120 years, and remained constant for another 730 years. In this
context, the first EOF can be identified with the dominating spatial pattern of differences (‘anomalies’) in
a climate variable between the scenario and the control run. The product of the first EOF (at a particular
location) and the first EOF coefficient (at a particular point in time) approximates the amount of regional
change in the corresponding climate variable, V.~ vi; - V{*. In many cases, the first EOF can be
identified with a mode of the (physical) system from which the data are sampled. For the second and
higher indexed EOFs, however, such an association is possible only under very special circumstances
(North, 1984).

Figure 3.2 shows the main results of the EOF analysis. The first EOFs of temperature and sea-level
rise have been scaled so that the corresponding time coefficients equal one at the end of the 850 year
simulation period. The first EOFs for precipitation, cloud cover, and humidity have been standardized
such that the integrals over time of their EOF coefficients correspond to the standardized coefficient
for annual mean temperature. Since the trajectories for precipitation and cloud cover exhibit significant
fluctuations, the integral was chosen as a robust statistic of these trajectories.

We observe that the fraction of the residual variance in a climate variableahabtbe explained
by the first EOF is positively correlated to the degree of its natural year-to-year variability. This fact,
by itself, is not a surprise. The relevant question in this context is whether the higher EOFs still repre-
sent a discernible climate change signal. The first EOF for annual mean temperature already explains
96.7% of the variance. Figures 3.2.a and 3.2.b show the time coefficients of the first to third EOFs for
precipitation and cloud cover, respectively. The time coefficients for the first EOFs clearly follow the
increase in radiative forcing and can be attributed to it, whereas the time trajectories for the second and
third EOFs fluctuate apparently randomly around zero. These results suggest that the inclusion of the
second and third EOFs would not significantly improve our ability to describe the climate change signal
for these variables. We thus conclude that the respective first EOF covers the overwhelming fraction of
the climate change signal simulated by ECHAM3 for all pertinent climate variables. Figure 3.2.c depicts
the time coefficients for annual as well as seasonal temperature change. All trajectories match very well.
Therefore, although thepatial patternsof temperature change vary considerably across the seasons (not
shown here), the simulataine evolutiondoes not differ significantly. Finally, Figure 3.2.d shows the
response of different climate variables. The transient response differs clearly between radiative forcing,
sea level rise, and the atmospheric climate variables. However, the time evolution for temperature ap-
proximates those of the other atmospheric variables rather well even though there is some variability also
within this last group.

Summarizing the results of the EOF analysis we conclude that the climate change signal simulated
by ECHAMS is satisfactorily approximated by scaling appropriately normalized spatial patterns of the
dominant climate anomalies for each climate variable (i. e. the respective first EOFSs) to the change in
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Figure 3.2: Trajectories of the EOF coefficients for various climate variables derived from the ECHAM3
experiment. The percentage of the variance in a climate variable that can be explained by the respective
EOF is given in brackets. (a, b) First to third EOF for anomalies in annual precipitation and cloud
cover. (c) First EOF for annually averaged temperature and seasonal temperature. (d) First EOF for
radiative forcing and annually averaged temperature, precipitation, cloud cover, humidity, and sea-level
rise. Source: adapted from Hooss et al. (2001)

global mean temperature (represented by the time coefficient of the first EOF for annually averaged
temperature change).

3.3.3 Emulation of multiple GCMs

GCMs differ in their temporal response to changes in external forcing, in their overall sensitivity, and
in their regional feedback patterns. A central goal in the development of the ICLIPS model has been
to define the climate-impacts interface in such a way that climate impact response functions (CIRFs)
based on climate projections frodifferent GCMs can use the output fromsingle parametrization of

the ICLIPS climate model (ICM). The basic idea is to emulate any GCM by combining the temporal
response of a ‘default’ GCM with the overall sensitivity and the regional pattern of the respective GCM
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to be emulated. The CIRFs presented here account for differences in the climate sensitivity (see below)
and in the climate change patterns of GCMs. They are driven bgdhmalizedchange in AGMT, i.e.,

the change in AGMT divided by the climate sensitivity. Interestingly, the idea of standardizing response
patterns from GCM experiments on the basis of their climate sensitivities was already present when the
first elements of the pattern scaling technique were developed by Santer et al. (1990). By definition, a
single parametrization of a dynamic model cannot produce different temporal responses. The normalized
change in GMT is computed by the ICM based on the temporal response of the long-term experiment
with ECHAMS3 (cf. Section 3.3.2). The main reason for the selection of that GCM experiment was its
long integration period.

Obviously, the validity of this approach depends on the degree of agreement in the temporal re-
sponses of the different GCMs considered. Recent reviews of GCM experiments exhibited a systematic
relationship across GCMs between their climate sensitivity and their temporal response (Cubasch et al.,
2001; Raper et al., 2002). Models with high climate sensitivity tend to have a large net heat flux into the
ocean, which causes a delay in the climate response. Consequently, the transient climate response ini-
tially has a smaller spread among the models than the models’ climate sensitivities alone would suggest.
The idea that the climate sensitivity is a model-specific constant has also been challenged recently. Senior
and Mitchell (2000) report that the ‘effective’ climate sensitivity in a transient integration of HadCM2
increases over time, due to changes in cloud feedbacks. It is thus suggested to determine the climate sen-
sitivity based on the results of very long integrations, whenever these are available. In contrast, Watterson
(2000) found very little variation of the effective climate sensitivity over time. Clearly, these findings
ask for caution in using a single dynamic model to emulate the temporal response of different GCMs, in
particular when their climate sensitivities differ significantly.

The CIRFs presented in this thesis were computed for three GCMs: ECHAM3-LSG, ECHAM4-
OPYC, and HadCM2. In addition to the ECHAMS3 experiment described above, we use climate change
projections from two alternative GCM experiments that are available through the IPCC Data Distribution
Centre. We chose the ECHAM4GGAL1 experiment, performed with ECHAM4-OPYC3 (Bacher et al.,
1998; Roeckner et al., 1996) at T42 resolution (approximately[&.8) and the HadCM2GGAX en-
semble experiment, performed with HadCM2 (Johns et al., 1997) at a resolutiont tdtLide by 3.75
longitude. The respective integrations of the latter two GCMs involve a 1% per annum increase in GHG
concentrations from 1990 to 2099. Since transient results were only available for the ECHAMS3 experi-
ment, and the integrations of the other GCMs used a different forcing scenario we could not compare the
temporal response of these GCMs. However, as the climate sensitivities of the three GCMs are very sim-
ilar, we have no reason to assume that the inaccuracies introduced by using the same temporal response
for all GCMs are substantial.

We will now look more closely at various aspects of the hybrid climate model applied in the ICLIPS
IAM. The globally averaged temperature response of a GCM to an increasing forcing is described in the
ICM by a linear impulse response function (IRF) of the form

AT(t) = ttAQ(u)-R(t—u)du, (3.4)
AQ(t) = log, CC(S;)) (3.5)

AT(t) and AQ(t) are the time paths of the change in AGMT and the normalized change in radiative
forcing (both compared to the base yeégy, respectively.R(t) is the Green’s function (see below), and
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C'(t) is the time path of thequivalentCO, concentration, defined as the €€bncentration that gives a
radiative forcing equivalent to the sum of the forcings from all well-mixed greenhouse gases.
In the current context, th@reen’s functionR(¢) can be represented as superposition

_t
e Ti

(3.6)

T

i=1

of a number of exponentials of different amplitudésand (real) relaxation times (Hasselmann et al.,
1993). These parameters are obtained by fitting the IRF to the results of a transient GCM experiment
(see below). The relevant time integral from Equation 3.4 is

t t n _t;_u
€ [
R(t—u)du = / ZAi' du
to to i=1 Ti
n . t—u
Ti
i:1 tO Ti

_ Zn:Ai. (1 5 ) 3.7)
=1

Equation 3.4 assumes a linear relationship between radiative forcing and AGMT chasgyeliio-
rium. This presumption is only approximately correct due to various nonlinear processes, for instance
the ice-albedo feedback (Voss and Mikolajewicz, 2001). However, recent investigations of this issue
were summarized in Boer and Yu (2003, p. 428) as folloViResults from climate change simulations
with a variety of GCMs indicate that global mean temperature change is proportional to the global mean
radiative forcing, broadly independent of the nature and pattern of the forcing. Simulation results also
reveal [that] temperature patterns show a remarkable linearity or additivity whereby the sum of response
patterns for different forcings is closely the response pattern for the sum of the forcings.”

The(equilibrium) climate sensitivitpf the climate system or a climate model, denoted\@5, co,,
is defined as the change in AGMT resulting from a doubling of atmospheriaccGQent after the climate
system, or the climate model, has attained a new equilibrium (Cubasch et al., 2001). Because of the long
time scales associated with deep ocean equilibration, the direct calculation of the climate sensitivity with
a coupled model requires a very long simulation and a considerable commitment of computer resources.
For that reason, the climate sensitivity of a GCM is usually approximated with less costly methods. This
is most commonly achieved by coupling the atmospheric GCM component to a mixed-layer (or ‘slab’)
ocean model. In that case there is no exchange of heat with the deep ocean, and the model can be
integrated to a new equilibrium in a few decades. Alternatively, the climate sensitivity can be estimated
based on a transient integration of the fully coupled GCM using the linear response model presented
above. Integration of Equation 3.4 for an instantaneous @sbling, i.e.,

0, t<tp,

3.8
]-7 t> t[)a ( )

AQ(t) = {

provides the following characterization of the climate sensitivity:

Alpxco, = Jlim AT(r)



74 CHAPTER 3. IMPACTS MODELLING IN THE ICLIPS MODEL
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= ZAi' (3.9

Climate sensitivity is thought, based primarily on models, to lie in the range 6iCLt6 4.5°C
(Cubasch et al., 2001). Cloud feedbacks remain the greatest source of uncertainty in model predictions
of global mean warming. Uncertainty in indirect aerosol radiative forcing precludes a more accurate,
observationally based estimate of climate sensitivity.

In order to separate thtemporal responsef a GCM from its climate sensitivity, Green’s function
(Equation 3.6) is normalized by defining

t

Rt) = S 4 ° (3.10)
=1
~ A;
= 3.11
' ATsxco, (3.11)

The A;, summing up to 1, represent tirctional contribution of each exponential to the equilibrium
temperature change. Calibration of the normalized IRF to the output of the multi-centyrgua@ru-
pling experiment with ECHAMS3 described above yields the following results (Hooss et al., 2001):

A =071 7 =1l4a,

Ay =029 m=450a.
Figure 3.3 provides an illustration of the temporal response based on this calibration. The left plate
depicts the normalized Green’s functioR(t), and its two addends. The right plate depicts the time

integral, fO R(t — u) du, and its two addends.
We now define th@ormalizedchange in AGMT over time as

~ AT(t)
ATt) = ——
Q Aszcm
= AQ( ) - R(t — u) du. (3.12)
It can be shown that the following relationship holds for any greenhousetghsizationscenario (i.e.,
if limy_, oo AQ(t) exists):
A AT = iy A0
C(t)
C(to)

(35) .
2 Jim Lo

(3.13)
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Figure 3.3: The normalized Green’s function (left) and its time integral (right) calibrated to the results
of the ECHAM3 experiment. Note the different time periods covered by the two diagrams.

The normalizedchange in AGMT is thus closely linked to the concept of “stabilization of greenhouse
gas concentrations in the atmosphere” (UNFCCC, Art. 2). Such a GCM-independent correspondence
does not exist betweeabsoluteAGMT change and GHG concentrations.

Climate change patternstate the change in a climate variable at each location for a unit change in
normalized AGMT. The ICLIPS model includes monthly anomaly patterns for near-surface temperature,
precipitation, and cloud cover that are extracted from the results of transient experiments with three
AOGCMs. Even though future climate states are described solely by the change in AGMT, the regional
and seasonal variability in the climate change signal simulated by the AOGCM are nevertheless included
in the impact analysis. Submonthly climate characteristics and interannual climate variability are not
currently considered in ICLIPS.

The climate change patterns for ECHAM3 were determined by EOF analysis (cf. Section 3.3.2).
The spatial patterns for the other GCMs had to be calculated from the climate differentials between
the final 30-year periods of the scenario integration and the control integration because the transient
model output required for an EOF analysis was not available. Figure 3.4 presents the climate change
patterns for annual temperature and precipitation from the three GCMs considered here (for details on
their construction, see Section 3.3.4). Simulated temperature anomalies are specified in absolute terms
whereas changes in precipitation and cloud cover are expressed proportional to the baseline value.

3.3.4 Combination of simulated and observed climate data

So far, we have implicitly assumed that it is possible to meaningfully superimpose simulated climate
anomalies onto a historical baseline climatology. In this section, we present the details of the ‘climate
change function’ that defines the climatic input for the regionally explicit impact simulations in ICLIPS.
This climate change function combines patterns of climate anomalies derived from GCM simulations
with observed climate data to construct plausible projections of future climate change.

Although AOGCMs are the most reliable source for projections of future climate under changed
atmospheric forcing, they have not been designed to provide direct input for models used in assessing
regional impacts of climate change, e.g., crop models or epidemiological models. Therefore, careful
interpretation of the GCM output is required for this purpose (Robock et al., 1993; von Storch, 1995;
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Figure 3.4: Climate change patterns depicting the changes in annual mean temperature and precipitation
as simulated by three GCMs for the stabilized climate after a doubling of the equivalgrddd€entra-
tion. (a) ECHAMS3, (b) ECHAMA4, and (c) HadCM2.

Henderson-Sellers, 1996; Smith and Pitts, 1997; Claussen, 1998). The main causes for inconsistencies
at the interface of climate models and impact models are the use of different spatial and temporal scales,
inter- and extrapolating from a restricted number of climate simulations, and the imperfect simulation of
current climate by GCMs.

Assessments of climate impacts involve at least the comparison of a system’s functioning between
the baseline climate and a future climate, possibly allowing for concurrent changes in non-climatic pa-
rameters. However, a simple comparison of the system behaviour fob#feevedbaseline climate on
the one hand and for simulatedfuture climate on the other would also attribute differences due to a
poor simulation of present-day climate to the enhanced greenhouse effect. The method presented here
aims at minimizing this error.

The climate projections for impact assessments in ICLIPS are derived by a scaled scenario approach
that superimposes linearly scaled climate anomaly patterns onto a baseline climatology. In a formal way,
the task of defining the climate change function can be formulated as follows. The available information
comprises

A € (C the observed baseline climatology,
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Figure 3.5: Computation of regionalized future climate states

B € (C the simulated baseline climatology, and
(B+ D) €C thesimulated future climatology, with
C the (convex) set of valid regionalized climate states.

We assume that the (implicitly defined) simulated climate anomakepresents the maximum level of
climate change to be considered in the impact assessment. In other words, we do not extrapolate to levels
of climate change beyond those simulated by the GCM. Based on this information, we are seeking to
define aclimate change function

PABD:CX[O,I]%C

such thatPapp(A’,d) corresponds to the superimposition of a fractibof the simulated climate
anomalyD onto a baseline climatd’. A’ should be consistent witd but not necessarily identical.
For instance A’ might have a finer temporal resolution, 4f might refer to the historical climate of a
single year rather than the mean climate (see Section 3.3.5).

The overall concept for the construction of the climate change function is illustrated in Figure 3.5.
It is important to note that we define the climate change function independently for each spatial unit
(e.g., a grid cell). Hence, the value Bfagp(A’, 1) in a specific grid cell depends only on the values
of A, A’, B, andD in that grid cell. In the remainder of this section, we use boldface letters to denote
a vector representing climate patterns and normal letters for its components (i.e., values for specific grid
cells). Arithmetic operations on vectors denote operations on each component of a vector.

A climate change function implicitly defines avsolute climate change fielts follows:

EABD = PABD(Aa 1) — A
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Applying this notation, the climate change function shall satisfy the following, intuitively sensible
conditions.

Validity: P agp shall always produce valid results, i.e.,

PABD(A,,d) e C VAIEC,dE[O,l].

Linearity: The projected deviation from the observed average baseline climate shall be linear in the
scaling factord, and in the simulated climate anomaly, This requirement can be expressed as

Pap(A,d) = Papan(4,1)
= A+d-EaBp VdE[O,l].

A linear climate change function is completely described by the corresponding absolute climate
change field.

Monotonicity: The sign of the projected climate deviation at any point shall not differ from the sign of
the simulated climate deviation:

Eapp-D > 0.

Identity: If the baseline climate is perfectly simulated in the control run (e B), projected and
simulated climate change shall match:

Eaap = D.

In addition to these ‘hard’ requirements, the definition of the climate change function is guided by
the following goals.

Retaining basic global characteristics: The climate change function shall retain the basic characteris-
tics of the simulated climate anomaly. In particular, the global meas.f p and of D should
not differ significantly.

Avoiding clearly unrealistic climate projections: It is of course impossible to forecast the amount of
future climate change at locations where not even the baseline climate is satisfactorily reproduced
by a GCM. However, since extreme climate change projections may have significant effects on
the results of impact assessmeri®ygp shall not project climate states that are likely to be
unrealistic.

Supporting different climate baselines: P agp should yield valid and plausible climate projections if
applied to a baseline climaté’ consistent with, but different from.
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There are two straightforward definitions fBxagp, hamely to superimpose either thbsolute
change or theelative change in a climate variable between the scenario run and the control run onto
the observed baseline climate. The corresponding climate change functions are denBtggas
and P}, g, respectively. We have noted above that any linear climate change function is uniquely
determined by the corresponding absolute climate change figighp. However,P’ g is more intu-
itively specified by theelative climate change fielEaBD. Hence,PjgBD andP?} g are defined as
follows:

Pipp(A'.d) = A'+d-Eapp,
Fapp = D

and
Pipp(A.d) = A'-(1+d-Eagsp),
EABD = —.

A suitable definition ofP ogp needs to adequately handle locations where the observed and sim-
ulated baseline climateB and A, differ significantly. For instance, neith@® ;g nor P4 pp can
ensure valid results for bounded climate parameters like cloud cover. In the remainder of this section,
we present the specification of the climate change function that is compatible with the above mentioned
criteria. SinceA, B, and D arefixed patterns, they are usually omitted. The index is used instead to
indicate the climate variable considered. HerRepip, Ppre, andPcrp denote the climate change
functions for temperature, precipitation, and cloud cover, respectively.

Temperature

Since the spatiotemporal variability of absolute temperature is comparatively lowPBodmd P* pro-

duce valid (and almost identical) results. In accordance with established procedures (see Carter et al.,
1994; Viner and Hulme, 1994; Hulme et al., 1999BY}, is applied, i.e., the simulated temperature change

is simply added to the observed baseline figure. We thus define

Ermvp = Drup (3.14)

Precipitation

Precipitation is characterized by a high spatial and temporal variability, and GCM simulations of the cur-
rent climate show substantial errors in some regions. Furthermore, precipitation changes can be caused
by two distinct physical mechanismigitensitychanges within the same region suggest a multiplicative
approach to determine future changes whedsasmicalchanges bringing precipitation to different re-

gions suggest an additive approach. This situation complicates the development of plausible projections
of future precipitation.

Figure 3.6 shows the implications of three different choiceB@fy, for a specific location. In this
illustrative example, observed baseline precipitation is alwéygz =0.5 (in arbitrary units) whereas
simulated precipitation in the control ruBprg, and in the scenario ruBprr + Dpre, Vary inde-
pendently from O to 1. The figure shows that the applicatiol 6f(in green) to precipitation changes
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Figure 3.6: Alternative methods for calculating future precipitation

may result in negative precipitation projections. Hence, it is generally suggested to interpret the simu-
lated amount of precipitation change as a fraction of the baseline figure (Carter et al., 1994; Viner and
Hulme, 1994; Hulme et al., 1995b), i.e., to ap@ly (in pink). While this method ensures non-negative
precipitation projections, precipitation change may be considerably overestimated if actual precipita-
tion is significantly underestimated in the control run, i.eBfrry < Apgrg. In Carter et al. (1994,
App. A.1.2), it is vaguely suggested for locations where simulated and observed baseline precipitation
differ significantly: “In such cases, the discretionary use of differences rather than ratios might be ap-
propriate” In SCENGEN, the relative amount of precipitation change for g @Qubling is arbitrarily
capped at 500% (Hulme et al., 1995b). It should be noted that the use of absolute vs. relative patterns
of precipitation change may have noticeable effects on the results of impact assessments (Alcamo et al.,
1998a, p. 93).

Our definition is a ‘compromise’ between the application of the absolute and relative precipitation
change. In order to ensui®rp(Ap gz, d) > 0, we definePprg (in black) using theelative climate
change field, the elements of which are given by

= Dpre (APrE ) Aas
FE = . 3.15
PRE ApRE (BPRE‘ ’ (3.15)
Bpre .
, if B <A
>‘AB = APRE‘ PRE PRE (316)
1, otherwise.

This definition represents a middle course between the two extreme cases charactekizgd=h
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Figure 3.7: Alternative methods for calculating future cloud cover

(corresponding t@®*) and\ 45 = 1 (corresponding td@*). It is motivated as follows. When present-

day precipitation in a grid cell inot underestimated by the GCM (i.e.,Bprr > Apgrg), the relative
climate anomaly is applied to the observed baseline value §i.gz = 1). However, at locations where
baseline precipitation is considerably underestimated (i.Bpifr < Aprg), We also have low confi-
dence in the simulated amountrefative precipitation change. In order to avoid a possibly huge overes-
timation of precipitation change, we thus apply a precipitation change that lies between the relative and
the absolute amount of change (i.€..< Aap < 1). Simply switching between the two extreme cases
would imply to always choose the result that has lower absolute value, thereby systematically reduc-
ing the simulated amount of global precipitation change The above —admittedly heuristic— definition,
which describes a smooth transition between the two extreme cases, conserves the global characteristics
of the simulated climate anomalies (from ECHAM3) much better.

Cloud cover

Changes in cloud cover (resp. insolation) have not been considered in many global climate impact as-
sessments. The choice Bf,p heeds to account for the fact that cloud cover is restricted by lawer

upper bounds (of 0 and 1, respectively). Figure 3.7 shows four possible definitions of the climate change
function for cloud cover. BotlP™ (in green) andP* (in pink) may violate the upper bound, which is
indicated by lines of crosses. The simplest way to engalie results is to use any of these two projec-
tions, and to cap the results at the lower and upper bounds. However, this method results in a significant
number of grid cells where cloud cover is, unrealistically, estimated as 0 or 1. Another evident method is
to apply the relative change afoud coverif actual cloud cover isverestimatedh the GCM control run,

and the relative change in the complementary varialdledlessnesslefined ad — cloud cover, if actual
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cloud cover isunderestimatedby the model. This method is illustrated By;; in Figure 3.7. However,

the simulated cloud cover anomaly is systematically reduced by this method. In our definitenof

(in black), we thus refine this idea by applying tredative change in cloud cover resp. cloudlessness
only in those cases where the simulated cloud cover anomaly défe@nt sign than the error in the
simulation of baseline cloud cover, i.e.s@n(D¢crp) # sgn(Berp — Acrp). Otherwise, th@bsolute

cloud cover change is applied. Analyses with various patterns for cloud cover anomalies from ECHAM3
have shown that this definition preserves the main characteristics of the climate change signal quite well.
The elements of the relative climate change field are thus defined as

A )
Biii’ if Berp > Acrp,Derp <0
= Dcrp 1-4
= . —AcLp .
Ecrp = Acrp T Berp’ if Borp < Acep,Derp >0 (3.17)
1, otherwise.

This definition ensures valid resultsAf.; , = Acrp. If A, # Acrp, explicit capping ofPcrp
at the upper bound of 1 may be necessary. This is reflected in a slightly modified definiflenof as
follows:

Pern(Aprp,d) = min{l,A-;p-(14+d-Ecrp)}. (3.18)

Spatial resolution of climate data

The various climate data sets involved in the definition of the climate change function typically have
different spatial resolutions. The ICLIPS model uses the 1961-1990 mean climatology constructed by
New et al. (1999) as baseline climate, which covers all land areas except Antarctica 8rbg-0.5

grid. In contrast, the control climate and the forced climate are derived from GCM integrations on a
much coarser grid. In accordance with impact assessments in other global IAMs (e.g., Alcamo, 1994;
Jonas et al., 1996), we define the climate change function on the fireby}®.5 grid in order to use

the available information on the spatial variability of present climate.

In principle, there are various options available to bridge the gap in spatial resolution between the
GCM data and the baseline climate. We interpolate the GCM output to the finer grid using inverse-
distance interpolation (Smith and Hulme, 1998). Interestingly, the simulated baseline climate (from
ECHAM3) agreed significantly better with the observed climatology after interpolation from the coarse
GCM grid to the finer grid of the observed data. This may be related to the fact that the baseline clima-
tology has also been derived by interpolation of station data. The application of advanced downscaling
techniques like limited area models, analogy approaches, stochastic weather generators, or statistical
models is presently not feasible on a global scale due to their huge data requirements (von Storch, 1995;
Semenov and Porter, 1995). Since the results of impact assessments are anyhow aggregated to world
regions comprising many grid cells, the at best marginal gains of using more sophisticated sub-grid
interpolation techniques do not seem to justify the considerable efforts necessary for their application.

A correct interpretation of the equations above requires to idelifgnd D with the interpolated
(‘downscaled’) GCM output. The only equation that needs to be modified is Equation 3.16, which
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becomes

Bpri
Ap = AprE
1, otherwise.

, if Bprre < Apri,Bpre < AprE (3.19)

B and D denote theriginal GCM patterns wheread denotes the observed baseline climate scaled up
to the coarser grid of the GCM.

Seasonally explicit climate change projections

The climate change signal resulting from increasing GHG concentrations varies not only spatially but
also seasonally. The climate change function described above can be applied without any changes to
seasonal or monthly climate statistics. The scalestill refers to the standardized changeaimual

global mean temperature.

Summary

We have presented a generally applicable method for constructing regionally specific climate change
projections based on the results of transient GCM experiments by means of a linear climate change
function. This functionP aBp, is described by scalable absolute resp. relative climate change fields.
It is constructed by combining information from an observed mean baseline clivhat®,simulated
baseline climateB, and a simulated climate anomal,. It produces valid results also if applied to
baseline climatest’ that differ from A.

The climate change function is particularly useful for the production of reduced-form impact models
in the form of climate impact response functions (CIRFs). The climate change fglggp, EpgrE,
and Ecp need to be computed only once. For any baseline clir#dtat a temporal resolution suit-
able for a particular process-based, regionalized impact model, the CIRF can then be produced through
assessing the impacts for the set of future climate states described by

Prvp (A7 ps d)
P(A,d) = | Prre(dpppd) (3.20)
Poup(Aerp,d)

Alppgp+d- Erarp
= Appp - (1+d- Epgp) (3.21)
min{l, A, , - (1+d-Ecrp)}

for suitable choices of the scaling factére [0, 1]. The indexg denotes that the definition inside the
brackets is applied to each grid cell.

3.3.5 Consideration of interannual climate variability

Climate is characterized by considerable variability on various temporal scales. However, most model-
based climate impact assessments compare the behaviour of a climate-sensitive system between an ob-
served and a perturbedeanclimate, thus missing important aspects of the problem. The consideration
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of current climate variability, and potential changes thereof, in climate impact analyses is constrained by
the availability of (a) data about current climate variability, (b) reliable projections about future changes
in relevant aspects of climate variability, and (c) models that can adequately process this information.

In this section, we briefly discuss opportunities and limitations for the consideratioteadinnual
climate variability in impact assessments based on a scaled scenario approach. Examples of systems that
are strongly affected by interannual climate variability include agricultural systems where a particularly
warm (or cold, or dry, or wet) season may lead to large losses or even a complete failure in certain crops,
and many forest ecosystems whose composition and dynamics is strongly affected by the occurrence of
wild-fires, which are linked to particularly warm and/or dry periods.

The availability of monthly climate time-series for the®6entury covering the terrestrial surface on
a 0.5-by-0.5 grid (although with limited reliability in some regions) provides a basis for the considera-
tion of interannual climate variability in global climate impact assessments (New et al., 2000). However,
projections about potential changes in interannual climate variability are often very uncertain. As a first
approximation, one may assume that anthropogenic climate change affects only the mean but not the
shape of the distribution of relevant climate characteristics. Although this assumption has been chal-
lenged by a growing body of model experiments, it is still more realistic than not considering interannual
climate variability at all.

The method for constructing climate change functions presented above can be applied without change
to particular years of a historical time-series instead of the mean climate of a reference period. For
instance,A’ can be identified withd,, ¢ € {1901,1902,...,2000}, or a detrended version of that time
series, instead of the mean baseline climate,Obviously, the use of time series instead of the mean
climate substantially increases the computational requirements since impact simulations would have to
be performed for each year of the time series.

Various interesting results can be derived from the vector of impact estimates for individual years of
the time series. The mean and median provide important estimates of average impacts of the imposed
climate anomaly. In addition to the average performance of a system, other percentiles of the impact
vector may be relevant in a risk assessment context. For instance, flood defence systems are determined
by extreme floods rather than the average flood. Despite these advantages, the CIRFs presented here do
not consider interannual climate variability, primarily due to the lack of appropriately designed and cali-
brated global impact models (see Section 3.5 for details). The model used for simulating climate impacts
on natural ecosystems is an equilibrium model that, by definition, computes the long-term vegetation
distribution based on average climate definitions. The crop model and the global hydrological model
could, in principle, be applied to time series of climate data. However, since they were calibrated using
mean climate data, we do not consider their uncritical application to individual years of time-series as
appropriate.

3.4 Climate impact response functions: general approach

Process-based impact models require a degree of spatial resolution, and thus computing time, that pro-
hibits their direct integration into the ICLIPS core model (see Section 3.2 for a detailed discussion of this
topic). In this section, we present the conceptual basis dflthate impact response functio(SIRFs),

which constitute the core of the reduced-form impacts module of the ICLIPS model. The sectoral impact
models applied in the computation of the CIRFs are described in Section 3.5, and Section 3.6 discusses
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the application of CIRFs.

3.4.1 Purpose

The overall purpose of CIRFs is to assist in the interpretation and operationalization of UNFCCC Arti-
cle 2. CIRFs have been developed in the context of the guardrail approach (see Section 2.3.4) to enable
the distinction of acceptable and unacceptable climate futures for different normative choices about im-
pact guardrails.

CIRFs describe how a particular climate-sensitive system or sector responds to climatic changes.
They are produced by multiple simulation runs of geographically explicit sectoral impact models for a
representative sample of future climate scenarios. The resulting CIRF indicates the dose-response rela-
tionship between selected climatic variables from the ICLIPS core model and a suitable impact indicator
that describes the degree to which the system or sector is affected. The CIRFs described here refer
to (predominantly biophysical) climate impacts on natural vegetation, agricultural crop production, and
water availability. Other important impact domains, such as human health and coastal zones, are not
currently included, primarily due to a lack of reliable models or data with global coverage.

CIRFs are a useful means for the aggregated presentation of results from climate impact simulation
and for their inclusion into IAMs. In an inverse application, they allow the translation of thresholds
for climate change impacts (‘impact guardrails’) into constraints for their input variables (‘climate win-
dows’). It thus becomes feasible to specify long-term objectives for climate protection in a model-based
inverse analysis of the climate problem with respect toittygactsof climate change instead of crude
proxy variables, like the change in global mean temperature.

The development of CIRFs is related to efforts to develop “ecological response functions” for spe-
cific climate change scenarios (Krol et al., 1997; Toth et al., 2000) and agricultural “response-surface
diagrams” that link crop yields to incremental changes in annual temperature and precipitation (van
Minnen et al., 2000a, 2002). Note that similar terms like ‘climate impact response function’ have been
previously used in different contexts (e.g., Carter et al., 1994; Huntley et al., 1995). The main new aspects
in our approach are the use of several non-monetary aggregated climate impact indicators in combination
with geographically specific impact models, the concise representation of simulation results independent
from a specific emission scenario, and the inclusion of maximum information from GCMs on the spatial
and seasonal variability of climate change.

It is important to understand that CIRFs in ICLIPS are defined for scaled scenarios based on the
results ofspecificAOGCM experiments. Hence, CIRFs for climate change patterns from new GCM sim-
ulations cannot be derived from existing CIRFs. The computation of GCM-independent CIRFs is only
warranted for impact domains where tledéevantdifferences between different GCMs can be expressed
by a few parameters. A prominent example concerns changes in the thermohaline ocean circulation, the
stability of which under increasing GHG concentrations is primarily determined by three GCM-specific
parameters: the climate sensitivity, the hydrological sensitivity, and the vertical diffusivity in the ocean
(Ganopolski et al., 2001).

3.4.2 Calculation procedure

This section presents the calculation procedure for the CIRFs applied in the ICLIPS model. CIRFs
are computed by applying a geographically explicit impact model to a representative subset of plausi-
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ble future climate states. These climate states are defined by the climate change functions described
in Section 3.3, whereby climate change patterns for monthly averaged temperature, precipitation and

cloudiness are scaled to the simulated change in AGMT and superimposed onto the baseline climate.
The raw output of the impact model is further processed to derive various aggregated impact indicators

for individual countries or larger regions (cf. Section 3.5).

The main input variable of the CIRFs in ICLIPS is the normalized change in AGMT. The CIRFs for
natural vegetation and crop production use the atmosphericoBfzentration as a second input factor
because it affects the behaviour of crops and natural ecosystems (Jones et al., 1998). Although increasing
CO, is the principal cause of global climate change, the relationship betwegr@@entration and the
transientchange in AGMT is not one-to-one. Even for a fixed climate sensitivity, the trajectories of these
two variables are partially decoupled due to the influence of nop-@f€@enhouse gases and aerosols,
and to the thermal lag of the climate system (see Section 4.1 for selected results). The CIRFs for water
availability do not consider the Gxoncentration.

The domain of definition of the CIRFs was chosen so that it includes the trajectories of all SRES
emission scenarios up to the year 2100. Global mean temperature change acohCéhtration range
from 0°Cto 1.6- AT>x o, and from 325 ppm to 1200 ppm, respectively. The;@Oncentration in the
year 1970 was chosen as the minimumsyGfncentration in order to be consistent with the reference
climate period (1961-1990). For the computation of the CIRFs, the climate apdad@es are varied
independently in 21 and 23 steps, respectively. The impact model is run for each of these combinations,
and the suitably aggregated model output is saved in look-up tables for further processing.

We introduce now some concepts that are important for the application of CIRFs in inverse mode,
i.e., for guardrail analyses with the ICLIPS model (see Section 3.6.3).

A CIRF in ICLIPS can be denoted as

f CxP—1

C [0, 1.6]

P = [325ppm, 1200 ppm]
I c IR

wheref is the CIRF, and’’ and P are the ranges of the normalized global mean temperature change and
the atmospheric Cfconcentration, respectively. As described in Section 3.4.2, the minimum values of
C and P refer to the baseline period 1961-1990denotes the (scalar) range of the respective impact
indicator.

An impact guardrailcan, in general, be expressed as

f(AT7 pCOQ) < imaxa

where AT € C andpco, € P. Applied backwards, a CIRF uses an impact guardrail to partition its
domain into two subsets. (The term ‘domain’ as used here and in the following is a shorthand for ‘domain
of definition’ interpreted in its mathematical sense.) We term that subset of the domain where a specific
guardrail is not violated the associated admissible (or, for historical reasons: tolalahktle window

which is defined as

(=00 tima]) = {(AT,pco,) € C x P| AT, pco,) < imas )
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If the CIRF is continuous, the tolerable climate window is fully determined byrtipact isoline

f_l(imax) = {(AfapC02) eCxP ‘ f(AfapC02) = imam}a (322)

which contains all points for which the simulated impacts equal the impact guardrail, and separates the
tolerable climate window from the intolerable part of the domain.

3.4.3 Limitations

Limitations of the present CIRFs and their application in the ICLIPS model are as follows.

First, all climate impacts are determined in equilibrium with a changed mean climate. The effects
of higher statistical moments, such as interannual climate variability, on future impacts are currently not
considered.

Second, the ICLIPS climate model, like other reduced-form climate models that mimic GCM results
in a deterministic manner, produces smooth climate change projections without any ‘surprises’. This
is related to the limited ability of GCMs to simulate changes in climate variability, including extreme
events, and potentially abrupt transitions between multiple equilibria of the climate system. In addition,
the applied variant of the pattern scaling technique does not consider the regional climate effects of
aerosols.

Third, the response of most systems to climatic changes is contingent upon various non-climatic
factors. Since the approach to CIRFs presented here considers only climate and atmospheric composition
as input variables, its validity is highest for those sectors, indicators, and regions where changes in these
variables are the main driving forces of the changes ahead.

Finally, it is widely recognized that the vulnerability of a system or sector to climate change is a
function of theexposureof the system to climate variations, gensitivityto these variations, and its
ability to adaptto changing climate conditions over time (McCarthy et al., 2001). The potential of
adaptation to reduce adverse impacts of climate change as well as the capacity of a system to actually
perform adaptations are thus important factors in a comprehensive vulnerability analysis (cf. Section 2.2).
However, adaptation to climate change is specific for each vulnerable system, and it often depends on
the full set of stressors that a system is exposed to. These features make it very difficult to appropriately
address adaptation in an IAM with global scope such as the ICLIPS model.

Another obstacle to the consideration of adaptation in the ICLIPS model is related to the underlying
decision-analytical framework. Human adaptation to long-term climate change may strongly affect the
cultural and social foundation of societies by involving, for instance, changes in food patterns, in the
seasonal and daily timing of activities, in land use, and in town planning. Hence, even if a specific
adaptation option ifeasiblefrom a biophysical point of view, this does not necessarily mean that it is also
regarded aslesirable Simply assuming that societies will implement certain wide-ranging adaptation
measures would thus be inconsistent with the aim of the guardrail approach to separate the scientific and
normative aspects of the climate problem. In a guardrail analysis, the main responsibility for evaluating
the simulated climate impacts, and for assessing the ability and willingness of communities to implement
certain adaptation measures, lies with the model users.

The specification of impact indicators for CIRFs in Section 3.5 takes into account that the specified
limitations are less severe if climate and atmospheric composition change are the prime driving forces
affecting a system, and if the potential for adaptation is limited.
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3.5 Climate impact response functions: sector-specific approaches

This section presents sector-specific approaches to the definition and computation of CIRFs. We start
with an overview of the impact indicators used in the ICLIPS impacts module, which is followed by a
description of the sectoral impact models applied in the computation of the CIRFs. The focus lies on
those aspects that are relevant in the ICLIPS framework, and the reader is referred to the references for
details.

3.5.1 Impactindicators
In the development of aggregated impact indicators, the following criteria were considered:

Clarity and relevance: The indicator shall represent information on the anticipated impacts of climate
change that is comprehensible and relevant for the target users of the model.

Scientific validity: There must be a strong causal relationship between the input variables of the CIRF
and the impact indicator that can be represented by a scientifically credible impact model.

Specificity: It should be possible to distinguish the impacts of changes in climate (and atmospheric
composition) from those caused by other factors.

Universality: The indicator should be applicable in all, or at least most, regions covered by the model.

Table 3.1 presents the impact indicators applied in the current version of the ICLIPS model. Some
of them are based on climate impact indicators defined earlier for the IMAGE 2.0 model Krol et al.
(1997). Climate impacts on natural vegetation, crop production, and water availability are assessed by
applying adapted versions of BIOME 1, the FAO crop suitability model, and WaterGAP 1.1, respectively.
A common characteristic of these models is that they use soil information and daily climate data as
inputs. Quasi-daily climate time series are derived from monthly averages by linear interpolation (for
temperature) and by spline interpolation (for precipitation and cloudiness). The results of BIOME 1 and
the FAO crop model are also affected by atmospherig.GXll models include a hydrological submodel,
although its implementation differs somewhat between the models. The models are globally applicable, a
spatial resolution of 05by-0.5 being used for the computations, and they are computationally efficient.

Spatial coverage of the impact indicator

Some impacts are more relevant in certain areas than in others. For instance, ecosystem changes are
likely to be valued patrticularly high in protected areas, and changes in crop potential are most relevant
in the current cultivated area. Therefore, certain impact indicators are not only determined for the total
land area but also for protected areas, for the current cultivated area, and for the non-agricultural area
(see Table 3.1 for details). This is achieved by weighting the simulation results for each grid cell with
the percentage of the respective area.

Data on the extent of protected areas is taken from the most recent versiotudi ttist of Protected
Areas(see Figure 3.8). Criteria for the inclusion of a protected area in this list are its size (at least
10 kn?), its management objective (IUCN Categories | to V), and the authority of the management
agency (country or federal state level). The data on agricultural areas is from Ramankutty and Foley
(1998). Figure 3.8 shows the spatial patterns of protected areas and cultivated areas.
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Indicator Explanation

Change of present  Percentage of the area where the present biome becomes inviable under al-
biome [% of area] tered climate conditions.

Stable biome area  Percentage of the present range of a specific biome that remains climatically
[% of current area]  suitable. Newly suitable areas are not taken into accbunt.

Total biome area Total potential area of a specific biome. Newly suitable areas can compen-
[% of current area]  sate for losses within the present rasge.

Stable forest area Percentage of the present forest area that remains suitable for forest growth.
[% of current area] A change from one forest biome to another one is permitted by this indicator.

Total forest area Total potential forest area (including newly suitable areas).

[% of current area]

Maximum food Potential food energy production, using caloric yield as the criterion for crop
energy [Gcal/kn¥] allocation in each grid cefl.

Maximum crop Performance of the ‘best’ crop, using the actual performance of a crop (ex-
performance pressed as a percentage of the maximum attainable yield) as the criterion for
[% of max. yield] crop allocatior?

Weighted crop Overall performance of the presently cultivated crops. The relative per-
performance formance of each crop averaged across the cultivated area of a country is
[% of max. yield] weighted with its present share in the cultivated area of the country.
Cropyield [t/km?]  Rainfed yield of a specific crop?

Suitable area Area where a specific crop can grow (assuming 10% of the maximum attain-
[% of area] able yield as the minimum threshold for suitability).

Runoff [mm/yr] Sum of surface runoff and groundwater recharge.

1This indicator is available (a) for the total land area, (b) for the land area excluding areas used for
agriculture, and (c) for protected areas.

2This indicator is comprised of various biome-specific sub-indicators.

3This indicator is available (a) for the total land area and (b) for the cultivated area.

4This indicator is available (a) for the total land area, (b) for the cultivated area, and (c) for the cultivated
area whereby in regional aggregations each country is weighted with the crop-specific acreage.

5This indicator is comprised of various crop-specific sub-indicators.

Table 3.1: Climate impact indicators in the ICLIPS model for natural vegetation (top), crop production
(centre), and water availability (bottom)

Spatial aggregation of the impact indicator

The grid-based simulation of climate impacts in ICLIPS allows the presentation of CIRFs for individual
countries as well as for virtually any world region. The default regionalization at which results are
presented depends on the chosen impact indicator.

Ecosystem impacts are often presented at the level of biogeographic regions. While biomes are
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Figure 3.8: Global distribution of (a) protected areas and (b) agricultural areas.

defined with respect to theinctional properties of the vegetation, for instance a similar guild structure,
biogeographic regions represent clusters with respect to tdweimomiccharacteristics. Since most
concepts of biodiversity are based on taxonomic entities (i.e., species, genera, etc.), it is worthwhile to
analyze climate impacts in each of these clusters of taxonomic entities separately.

Figure 3.9 depicts the biogeographic regions (syn. floral kingdoms) of the world. Although Capensis
covers only parts of the Republic of South Africa, this region is consistently distinguished from Aethiopis
due to the high degree of endemism in its flora. Its small size, however, makes Capensis particularly
sensitive to the effects of arbitrary local fluctuations in GCM integrations. This scale mismatch lets
us abstain from a separate assessment of vegetation impacts in Capensis. Greenland and Antarctis are
precluded from the analysis since they are predominantly covered by ice.

Impacts on agricultural crop production are generally reported for single countries, trade ‘blocs’, or
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Figure 3.9: Biogeographic regions of the world. Source: Bick (1989)

other economically defined regions. Figure 3.10 shows the 11 world regions distinguished in the ICLIPS
aggregated economic model (AEM) that define the ‘default’ regionalization for agricultural impacts.

A catchment area or a whole country is a suitable reference for reporting impacts on water availabil-
ity. Aggregation of results from different catchment areas is problematic since water in general cannot
be easily transferred between basins.

3.5.2 Natural vegetation

Climate, weather and atmospheric composition are, among other factors such as land use, nutrient avail-
ability, and ultraviolet radiation, important determinants for the distribution of life on Earth. Each climate
zone is characterized by their typical ecosystems. Major and abrupt climatic changes have often had dev-
astating effects on biodiversity in prehistorical times. About 200 million years ago, the end-Triassic mass
extinction event resulted in a turnover of more than 95 percent of megafloral species. A three- to fourfold
increase in C@(due to extensive basaltic volcanicity), associated with a rise in global mean temperature
of 3 to 4°C, has been suggested as the main cause of this mass extinction (McElwain et al., 1999). A
rapidly growing body of evidence shows that recent climatic changes have already affected the phenology
and physiology of organisms, the range and distribution of species, and the composition and dynamics of
ecological communities, and that they probably have already caused the extinction of species (see, e.qg.,
Pounds et al., 1999; Hughes, 2000; Gitay et al., 2001; Walther et al., 2002).

The impacts of anticipated climate change on natural vegetation have been extensively studied over
the last years. Major themes of interest were the equilibrium vegetation distribution in a changed climate
(see, e.g., Martin, 1996; Haxeltine and Prentice, 1996; Halpin, 1996; Villers-&hd Trejo-\Azquez,

1998), the transient response of ecosystems to climate change (see, e.g., Steffen et al., 1996; Kirilenko
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Figure 3.10: World regions distinguished in the ICLIPS aggregated economic model

and Solomon, 1998; van Minnen et al., 2000b), and the feedback of vegetation change on the global bio-
geochemical cycles (see, e.g., Smith et al., 1992; Smith and Shugart, 1993; Neilson, 1993; Klein Gold-

ewijk et al., 1994; Cao and Woodward, 1998; Cox et al., 2000). The computer models that are used in

these assessments can be distinguished into equilibrium and dynamic models, by their level of geograph-
ical and functional detail, and by their inclusion of non-climatic factors.

The global scope of the analysis presented here and the need for easily conceivable, aggregated in-
dicators of climate impacts on natural ecosystems motivated the use of a biogeographical vegetation
model. We apply the BIOME 1 model (Prentice et al., 1992), adapted for IMAGE 2.1 (Alcamo et al.,
1994, 1998a), to simulate the potential vegetation distribution for current and future climate states. This
model determines, for each 0:by-0.5 grid cell of land surface, which one of the 14 distinguished
biomes occurs in equilibrium with given local climate and soil conditions and the concentration of at-
mospheric CQ. Biomes, such as tundra, savanna, and tropical evergreen forest, are coarse categories of
vegetation assemblages. Other factors that threaten biodiversity are not considered by the model. For a
semi-quantitative assessment of the importance of five major threats to biodiversity (climate, atmospheric
C0O,, nitrogen deposition, land use, and biotic exchange), see Sala et al. (2000).

BIOME 1 proceeds in three steps. In the first step, the model derives a set of bioclimatic indices
from the monthly climate statistics, for instance the effective temperature sum above certain temperature
thresholds and a moisture index. BIOME 1 defines climatic envelopes based on these indices for 16 plant
functional types (PFTs). PFTs are classes of plant species, grouped by morphological (e.g., broad-
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leaved vs. coniferous) and phenological characteristics (e.g., evergreen vs. summergreen). The climate
envelopes are applied in the second step to determine which PFTs can principally occur in a grid cell,
based on the non-violation of any of the constraints. In a final step, BIOME 1 applies a dominance
hierarchy as a proxy for competition between different PFTs. 14 biomes are defined as combinations of
one or more PFTs at the same hierarchy level. For a list of all biomes, see Figure 4.5.

BIOME 1 has been extensively used for assessing the response of natural vegetation to anticipated
climatic changes (see, e.g., Leemans et al., 1996; Yates et al., 2000). Improvements in IMAGE 2.1
compared to the original model include a £@ependency of the moisture threshold (Alcamo et al.,
1998a). Enhanced levels of G@crease the water use efficiency of plants which allows them to grow
under more arid conditions. Indirect impacts of climate change on vegetation due to altered disturbance
regimes (e.g., forest fires, insect pests, and wind storms) and transient processes such as migration are
not considered in the model. In addition, the model does not account for possibility of multiple stable
states, which have been observed for various aquatic and terrestrial ecosystems (Scheffer et al., 2001).

Progress has been achieved recently in developing dynamic vegetation models (see, e.g., Cramer
et al., 2001). Such models include a higher level of physiological detail that enables them to simulate
transient vegetation changes and the carbon dynamics of ecosystems. Kirilenko and Solomon (1998)
compared the vegetation response to long-term climate change simulated by BIOME 1 and by MOVE,
a global biome model that explicitly includes vegetation migration and succession. They found that
the equilibrium biome changes simulated by the two models were quite similar, with the overall Kappa
statistic (a coefficient for pairwise agreement between two classification ratings) lying between 0.94
and 0.99. These results imply that dynamic aspects are of minor importance for the impact indicators
applied in ICLIPS because they are solely based on the long-term distribution of biomes. Equilibrium
vegetation models have, however, only limited value for determining the timing of vegetation changes.
Consequently, statements on the unsuitability of a future climate for the current biome (e.qg., in Table 4.1)
do not aim to pretend that the actual vegetation change will occur exactly at the specified date. Depending
on the migration abilities of competing species and the occurrence of weather-related disturbances such
as fire, wind-throw, pests, and disease outbreaks, these changes may lag several decades behind the
changes in climatic conditions (Gitay et al., 2001). Also, the transition from one biome to another will
not be a smooth and uniform process. Since the vast majority of emission scenarios lead to continued
increases in AGMT and CPlevels far into the 22 century, however, the changes simulated for a
transient climate state in the 21century will eventually be realized.

A recent review of the applicability of bioclimate envelope models for predicting the impacts of cli-
mate change on unmanaged ecosystems emphasizes the importance of considering a hierarchy of factors
operating at different spatial (and functional) scales (Pearson and Dawson, 2003). Climate is found to be
the dominant factor for the large-scale distribution of species whereas factors such as topography, land
use, soil type, and biotic interaction dominate at smaller scales. It is thus conttbhded/hen applied
at an appropriate scale bioclimate envelopes have the potential to describe changes in species’ distribu-
tions”. The applicability of bioclimate envelope models appears even more appropriate in ICLIPS if we
consider that the impact indicators applied here refer to the distribution of biomes rather than individual
species. In summary, the application of BIOME 1 is regarded as duely justified here given the choice of
impact indicators and the large spatial scales at which results are presented.

Similar to previous studies of this subject (e.g., Leemans and Halpin, 1992; Martin, 1996; Krol et al.,
1997; Villers-Ruz and Trejo-\&zquez, 1998; Leemans and Hootsmans, 1998), the impact indicators for
natural ecosystems applied here are based on the extent of shifts in biomes. We use the percentage of an
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area where the current biome becomes inviable agia indicator to quantify the impacts of climate
change on natural vegetation. This indicator values all simulated biome changes equal. From an eco-
logical point of view, it might appear desirable to assign higher weights to impacts in species-rich areas
and centers of endemism than elsewhere (Groombridge, 1994; Olson and Dinerstein, 1998), or to apply
a more elaborated distance measures between biomes, like the “dissimilarity index” defined in Sykes
et al. (1999). An alternative way, applied in IMAGE 2.1, distinguishes four types of biome changes
(Leemans and Eickhout, 2003): improvement, neutral change, degradation, and extinction. This classi-
fication emphasizes ecosystem productivity, carbon storage, and opportunities for human use. However,
it is also acknowledged th&glthough some of the changes are definitely positive from the perspective

of human use, they are not positive from all perspectivéis.protected areas, for instancy major

change in ecosystems is generally considered undesirable. In addition, the valuation of changes looks at
an equilibrium vegetation, not at the actual transient dynamics, which may paint a quite different picture.
In particular, “potentially positive effects will not materialize during the first centuffeemans and
Eickhout, 2003). In the CIRFs presented here, we refrain from implementing either of these approaches
since these attempts to increase the ‘scientific power’ of the aggregated impact indicators are likely to
reduce their comprehensibility for the non-expert users of the ICLIPS model.

Biomes are rather coarse categories of vegetation assemblages. Significant ecosystem impacts may
thus occur even if no biome change is simulated. In areas with high biodiversity, for instance in most
tropical forests, species generally have a small niche volume and are thus particularly sensitive to climatic
change (Bazzaz, 1998;dfrier, 1998). The results presented in Section 4.2 are therefore regarded as low
estimates of climate impacts on ecosystems.

Article 2 of the UNFCCC calls for the limitation of climate change in such a waytasallow
ecosystems to adapt naturally to climate changd2cosystems adapt by acclimatization, migration,
and evolution. Evolution typically occurs at time scales much longer than those associated with an-
thropogenic climate change, except for short-lived species. For that reason, it can be neglected in the
impact assessment presented here. The potential for acclimatization is already considered in the speci-
fication of the BIOME 1 model. Migration is the most important adaptation mechanism for ecosystems
beyond their limits of physiological acclimatization. It represents, however, only an inferior adaptation
since ecosystems will not move wholesale in response to climate change. For that reason, optimistic as
well as pessimistic assumptions regarding migration were considered in the specification of the impact
indicators.

The indicator “change of present biome” (see Table 3.1) is defined for the total land area, non-
agricultural areas, and protected areas (such as nature reserves, national parks, and wildlife sanctuaries).
We regard the last variant, which may alternatively be termed “percentage of endangered nature re-
serves”, as particularly policy-relevant for various reasons. First, the legal protection of an area is a clear
statement on the societal appreciation ofpitesentecological features. Any fundamental vegetation
change is thus likely to be valued negatively. Second, non-climatic human-induced stresses, for instance
land reclamation, are generally less important in protected areas than elsewhere.

As additional impact indicators, we use the stable area and the total area of individual biomes and of
forest biomes (see Figure 3.11). The stable area corresponds to a pessimistic view of adaptation that does
not account for the establishment of biomes at locations that become climatically suitable in the future.
The total area represents a rather optimistic view where biomes suddenly pop up as soon as the climatic
conditions become suitable, regardless of restrictions related to dispersion potentials and the availability
of migration corridors. While the stable area never exceeds the baseline area, the total area can be either
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Indicators for shifts in biomes

A+B baseline area
B+C total area

B stable area
A lost area

Figure 3.11: Indicators for shifts in biomes

smaller or larger In general, biome shifts are expressed as percentage of the baseline area. Employing
the notation of Figure 3.11, the indicator “stable biome area”, for instance, refgl%gto

3.5.3 Agricultural crop production

The FAO crop suitability model, as adapted for the Terrestrial Environment System (TES) of IMAGE 2.1
(Alcamo et al., 1998a), has been applied to assess the risks of climate change for agricultural production
and food security. This model computes the rainfed yield (defined as the harvestable part of dry weight
production) of the 19 most important annual crops for given climatic and non-climatic conditions. The
focus lies on annual crops that are used as staple food. Other crops with regional importance (e.qg.,
grape-vine in parts of Europe) are therefore not considered.
The FAO model proceeds in two steps. In the first step, which is similar to BIOME 1, the model com-
putes the potential distribution of the 19 crops under rainfed conditions worldwide oftBy3(®5 grid,
based on monthly climate data, @€oncentration, and soil data. The grid cells where the environmental
conditions are adequate for growing specific crops are determined by applying crop-specific constraints
to a set of agroclimatic indices for temperature and moisture availability defined in FAO (1981). In
the second step, the model computes the potential rainfed production for all suitable crops, based on
the growth functions of de Wit (1978). The production is determined by the net biomass production,
defined as gross photosynthesis minus plant respiration (van Minnen et al., 2000a). Photosynthesis is
governed by temperature, moisture availability, soil conditions, and the atmosphericoG€entration.
Soil reduction factors that are taken into consideration are fertility, salinity, acidity, rooting depth, and
drainage conditions according to FAO (1988). Plant respiration depends on total biomass and temper-
ature (Leemans and van den Born, 1994). Atmospherig &f@cts the distribution and production of
crops in two ways. First, increased levels of £o@duce transpiration rates and thus increase the water
use efficiency of plants (Alcamo et al., 1998a). Second, the so-calledf€ization effect describes
the direct stimulation of photosynthesis under enhancegd I€@ls (Klein Goldewijk et al., 1994).
Multi-cropping and irrigated agriculture are not included in this version of the crop model. Consid-
eration of adaptation to changing climate conditions is rather limited. However, seasonal adjustments
of cropping activities in response to climate change are taken into account since the model design as-
sumes an optimal planting date. More detailed adaptation assessments of the agricultural sector require a
rather different class of models that include the effects of demographic, socioeconomic, and technolog-
ical developments on the demand and supply of food as well as the interdependencies between different
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Model input
¢ = (cy)gec gridded climate and COdatd
Primary model output
vig(cy)  [t/km?] simulated yield of crop in grid cell g
for given climatic and non-climatic conditiohs
Baseline data
c* = (c;)gec Qridded baseline climatology
gi  [t’/km?] maximal yield of cropi (under optimal conditions)
q; [Gceallt] energy density (specific calorie value) of criop
p;  [US$/H] average export price of crap
Ay [km?] total land area of grid cel
C, [km?] cultivated area of grid cel
Fin  [1] fraction of the cultivated land in countryy’ covered by crop
Index sets
I all crops
G all land grid cells
N all countries

'Even though the atmospheric G@oncentration is spatially homogeneous, it is included into the grid-
ded climate vector for the sake of notational convenience.

2Non-climatic data, in particular soil conditions, are not explicitly included in the function definition
because it remains constant throughout the simulation.

Table 3.2: Inputs to the computation of aggregated crop indicators

regions.

Based on the simulated yields for specific crops, various aggregated indicators were defined (see Ta-
ble 3.1). The aggregated indicators express potential impacts on the agricultural sector, whereby simple
decision rules are applied to allow for switching to more suitable crops. Depending on the specific indi-
cator, the crop allocation in a grid cell is based on the relative performance of a crop (i.e., that fraction
of the crop-specific maximum yield attainable under optimal climate and soil conditions which is real-
ized under given conditions), on its caloric yield, or on its market price. All crop indicators except the
‘weighted crop performance’ were computed for the total land area of a region (e.g., a country) as well as
for the current cultivated area. We consider the latter case to be particularly relevant because significant
shifting of the areas used for agriculture will often be difficult due, for instance, to the unavailability of
the required infrastructure or conflicts with other land uses.

In the remainder of this section, we describe more formally the aggregated crop indicators applied in
the ICLIPS model. The relevant variables and parameters of the crop model are described in Table 3.2.

Two groups of aggregated crop indicators can be distinguished. The first group of indicators applies
simple decision rules to optimize crop allocation under changing climatic conditions. These indicators
can be aggregated to any world regiB(R C G). The definitions below refer to the current cultivated
area of a region yet it is straightforward to extend them to the total land area.
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Maximum food energy [Gcal/kn?]:

deR Cg : maXiEI{Yig(cg) : Qi}
EQGR Cg

Qr(c) =

In each grid cell, food energy production is maximized. The energy content of a crop represents a
crude proxy for its nutritional value, admittedly neglecting other important qualities. Since price
levels of particular crops or other incentives that are important for farmers producing cash crops
are not considered, this indicator is mainly relevant for regions with a high share of subsistence
agriculture.

Maximum crop price [US$/kn?]:

Pgr(c) = 2ger Cg - maxier{yig(cy) - pi}
! deR Cg

In each grid cell, the monetary crop value is maximized. This indicator assumes thela{ae

price levels of different crops will remain essentially constant in the future, and (b) input require-
ments for different crops do not differ substantially. Due to the problems associated with these
assumptions, this indicator does not belong to the standard set shown in Table 3.1.

Maximum crop performance [%]:

_ 2ger Uy - maXier {Y—M}

Yi
SR(C) - deR Cg

In each grid cell, that crop is cultivated which maximizes mtlative performance. The indicator
thus measures whethany of the 19 crops can grow reasonably well in a specific climate.

The second group of aggregated crop indicators is based on the current distribution of crops. These
indicators describe the sensitivity of the agricultural sector to climatic changes under the assumption that
crop switching isnot a feasible or desirable adaptation option, e.g., due to opposing diet preferences.
Simulation results are stated as production changes relative to the baseline. The availability of infor-
mation on the harvested area of each crop determines the spatial resolution at which these indicators
can be computed. Since respective data is not generally available at sub-national levels, we define these
indicators at the country level. Only those countries can be considered where at least one crop grows suc-
cessfully in the current cultivated area under the baseline climate, i.e., Whefecy Cy - vig(c;) > 0.

Weighted crop performance [%0]:

Wa(e) = Yicrgen Fin - Cg - yig(cg)
Yiergen Fin - Cg - yl’y(%)
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This indicator measures the overall performance ofdheent cropping pattern in a changed
climate by weighting the performance of each crop with its share in the cultivated area of a country.
Owing to data limitations, the so-defined indicator assumes that all cropmi@memly distributed

across the cultivated area of a country. Heterogeneous cropping patterns in countries that cover
different climatic zones and/or soil types, e.g., the United States, Russia, and China, are therefore
not adequately represented. This indicator can be easily aggregated to groups of countries by
weighting the country-specific results with the (cultivated) area of each country.

Crop production with constant output shares [%]:

1
Z Fov. >gen Cg - Yig(CZ)
EgEN Cy * Yig(cq)

tELF;n>0

Ox(e) =

If a division by zero occurs in the right hand side of the equation, we défipe) = 0. The
reciprocal of this indicator#(c), describes the change in the extent of the cultivated area of a
country that is required to retain baseline production levelallo€rops under changed climatic
conditions. Therefore, the indicator becomes zermy of the current crops completely fails in

the changed climate. This indicator is not included in the standard set of impact indicators because
it cannot be easily aggregated to larger world regions and it is very sensitive to small variations in

the model output.

Obviously, none of the indicators described above is capable of describiraytin future of a
country’s agricultural sector. Instead, they purposely span the possible range of adaptation to a changing
climate (by means of crop switching) from the ‘ahistoric’ case of simply maximizing calorie production
without taking into account any other restrictions than climate to the ‘history-dominated’ case of not
changing the crop distribution at all. Consequently, these indicators provide a coarse indication of the
sensitivity of a region’s agricultural sector to climatic changes.

3.5.4 Fresh-water availability

The global hydrological model WaterGAP 1.1dDét al., 1999) has been used to simulate global and
regional water availability. Water availability is computed at the level of river basins as the total runoff
(i.e., surface runoff and groundwater recharge) of all grid cells therein.

Routing between grid cells is not included in this model version. The daily water balance of each
grid cell is therefore computed as

oS

ot
whereS is the actual water content in the effective rooting zang, the effective precipitation (rainfall
plus meltwater) F, the actual evapotranspiration, aRdhe surface runoff. Botl, and R are functions
of S, which itself is calculated from these variables, based on the previous timelgiap.calculated
from the potential evapotranspiratiof,, and the total available soil water contefif,as

Pyf—E,—R (3.23)

E, = min (Ep; Ep maz - Si> (3.24)

max
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whereby E), ., = 10mm/d, and S, is the product of the vegetation-specific rooting depth and
the available water capacity in the uppermost metre of the soil (Batjes, 1996). Rrioffalculated
according to Bergstrh (1995) as

R = Peff-< S )7, (3.25)

Smax

with P, s, as defined above, angbeing the regional runoff coefficientS, P.;s, E,, E,, andR are
time-dependent. Hence, the water balance is fully described by the ordinary differential equation

$(t) = Pus(t) — min (Ep(t);EpmM - &> _P() - (&)7 (3.26)

Smam Smam

WaterGAP is a reduced-form model with only one calibration parameter, the runoff coeffigient
that was adjusted to time series of annual discharges of 41 large watersheds (Grabs et al., 1996). A
regionalization algorithm was then used to assign values to the other river basins. The applied version of
WaterGAP does not consider the €&ncentration. Increasing G@evels reduce the evapotranspiration
rates of plants and thus partly compensate the additional water loss due to increasing temperatures.
This effect is particularly relevant in dry areas. The simulated decreases in runoff may therefore be
slightly overestimated. Nevertheless, precipitation will be the dominant factor in determining the water
availability in all watersheds around the world.

3.6 Climate impact response functions: presentation and application

This section discusses potential applications of the CIRFs developed in ICLIPS. We start with a descrip-
tion of the impact result space in ICLIPS, which is followed by a presentation of various types of impact
diagrams that visualize selected aspects of this result space, and of the different application modes of
CIRFs. Later, we present algorithms for the parameterized approximation of ‘tolerable’ climate win-
dows and for the computation of reachable climate domains, which facilitate the application of CIRFs in
guardrail analyses with the integrated ICLIPS model.

3.6.1 Dimensionality of the impact result space

The impact models applied in ICLIPS and the impact indicators derived from their results are based on
a number of simplifying assumptions. The result space is nevertheless high-dimensional, being spanned
by the following dimensions:

Impact indicator:  One of several indicators for climate impacts (see Table 3.1 for a complete list).

Sub-indicator: Some impact indicators require a sub-category to be specified (see Table 3.1 for de-
tails). The indicator “crop yield”, for example, is available for 19 different crops.

Area coverage: Some impacts have been simulated for the total land surface as well as for spatial
subsets that mask out, or focus on, agricultural and protected areas (see Table 3.1 for details). The
indicator “crop yield”, for example, is available for the total land area as well as for the current cultivated
area in a region.
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Regional grouping and region: The grid-based simulation results from the impact models are first
aggregated to the country level. However, results for individual countries are only reported if they are
sufficiently robust. For many impact indicators, results are presented for larger regions only. Default
regional groupings include biogeographic regions and geopolitical regions (cf. Section 3.5.1).

Climate model. The scaled scenario approach links a CIRF to the climate change patterns from a
specific GCM. The present version of the ICLIPS model uses climate change patterns from ECHAM3-
LSG, ECHAM4-OPYC and HadCM2 (cf. Section 3.3.3).

Level of climate and CO, change: CIRFs represent the dose-response relationship between the level
of global climate change and the @©oncentration as independent variables and an impact indicator
for a specific region and climate projection as the dependent variable. A CIRF is uniquely selected
by specifying each of the dimensions listed above. The value of the impact indicatorsfugcéic

CIRF is then determined by the independent variables, i.e., by the level of climate gnch@aye (cf.
Section 3.4.2).

3.6.2 Types of impact diagrams

Impact diagrams are used to present selected results of the impact simulations by combining data points
from CIRFs along various dimensions of the impact result space. Different types of impact diagrams
are used to provide different perspectives on the result space. The impact diagrams related to vegetation
impacts shown below serve mainly an illustrative purpose. A detailed discussion of the simulation results
follows in Chapter 4.

Response surface diagrams are 3-dimensional diagrams that display the response of a regional impact
indicator (the vertical dimension) across the whole domain of definition of the CIRF (the two horizontal
dimensions) by interpolating across the points at the intersection of the selected increments. These dia-
grams give an overview of the sensitivity of the impact indicator to individual and combined changes in
its driving variables. Impact isolines connect points on the response surface where the impact indicator
equals some pre-defined values. Response surface diagrams provide an easily understandable visualiza-
tion of a CIRF. Their 3-dimensional nature, however, makes them less suitable for inverse applications
and for sensitivity analyses.

In the case of CIRFs with only one input variable (e.g., for water availability), response-surface
diagrams are represented by two-dimensional dose-response curves, and isolines turn into single points
on these curves.

Figures 3.12.a and 3.12.b show the fraction of protected areas worldwide and in Western Europe, re-
spectively, where the climate becomes unsuitable for the current biome based on climate change patterns
from ECHAM4. A comparison of the two diagrams reveals that the sensitivity of ecosystems to climate
change is greater in Western Europe than in the rest of the world whereas the sensitivityiscdb€low
the average in Western Europe.

Impact isoline diagrams show the projection of impact isolines from a response surface diagram onto
the 2-dimensional domain of the CIRF. An isoline separates those climate regimes where the simulated
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Figure 3.12: Different types of impact diagrams. (a), (b):
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response surface diagrams; (c), (d):

isoline diagrams; (e), (f): multi-scenario trajectories.

impact
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impacts lie below the associated impact level from those regimes where they lie above. This feature is
essential for guardrail analyses with the ICLIPS model because observing an impact guardrail becomes
equivalent to constraining the evolution of the climate-Qfajectory to the ‘tolerable’ climate window
delimited by the respective impact isoline. The climate evolution simulated for selected emission scenar-
ios can be shown by projecting the associated time trajectories onto the isoline diagram. In an effort to
determine ‘critical climate change, CIRFs for uniform changes in regional temperature and precipitation
and corresponding isoline diagrams have been determined in van Minnen et al. (2002).

Figures 3.12.c and 3.12.d show the impact isoline diagrams corresponding to the response surface
diagrams depicted in Figures 3.12.a and 3.12.b, respectively. (Owing to size restrictions for the impact
diagrams and to limitations of the software used to produce them, the legend of isoline diagrams is
usually shown inside the diagram, even though this is not the most appealing option.) The three pointed
lines originating in the bottom left corner depict the time trajectories simulated for three IPCC emission
scenarios in decadal time steps from 1970 (bottom left corner) to 2100. A comparison of their endpoints
in Figure 3.12.c shows that the SRES A2 emission scenario causes higher global impacts in the year 2100
(between 40 and 50%) than the SRES B2 scenario (between 30 and 40%) and the S450 scenario (between
20 and 30%). When interpreting these numbers, it should be considered that they were determined by
an equilibrium biome model. The realization of the simulated changes may therefore be delayed (cf.
Section 3.5.2).

Multi-scenario trajectories depict the time path of an impact indicator ame region for different
emission scenarios. Only those data points of the CIRF are shown that correspond to climate-CO
combinations actually reached by one of the emission scenarios. The temporal evolution of potential
impacts can be clearly seen whereas information on the differential importance of each of the two driving
variables is lost. These results are analogous to results derived from other impact models in forward mode
(e.g., Krol et al., 1997; Toth et al., 2000; Arnell et al., 2002).

Figures 3.12.e and 3.12.f show multi-scenario trajectories for the same indicators as in Figures 3.12.c
and 3.12.d, respectively.

Multi-regional trajectories show the time path of an impact indicator different regions forone
emission scenario. If the baseline value of the impact indicator differs between different regions, the
trajectories can refer either to the absolute value of the indicator or to relative changes compared to the
baseline value.

The trajectories shown in Figures 3.13.a and 3.13.b depict the fraction of protected area in 11 world
regions (see Figure 3.10) that would experience a biome change under the SRES A2 emission scenario
based on climate change patterns from ECHAM4 and HadCM2, respectively. The simulated impacts
vary widely across regions whereby the lowest impacts are consistently simulated for Middle East and
North Africa and the highest impacts for Central and Eastern Europe.

Multi-regional isoline diagrams show the projection of impact isolines onto the domain of the CIRF.
In contrast to the impact isoline diagrams described above, the isolines refestmibdienpact guardrail

for differentregions rather than tdifferentimpact guardrails fooneregion. This diagram type as well
as the multi-regional trajectories facilitate cross-regional sensitivity analyses of an impact indicator.
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Figure 3.13: Different types of impact diagrams (ctd.). (a), (b): multi-regional trajectories; (c), (d):
multi-regional isoline diagrams.

Figures 3.13.c and 3.13.d show isolines that refer to a simulated change of the current biome in 50%
of the protected area in several regions based on climate change patterns from ECHAM4 and HadCM2,
respectively. In the year 2100, the 50% guardrail is exceeded in 5 to 6 (out of 11) regions under the
SRES A2 scenario, in 3 to 4 regions under the SRES B2 scenario and in 1 to 2 regions under the S450
scenario. The largest difference between the ECHAM4 and HadCM2 climate change patterns is simu-
lated for South Asia (primarily due to a large difference in the projected precipitation changes for that
region).

Multi-category isoline diagrams show isolines fodifferentsub-indicators ironeregion. They facili-
tate cross-category analyses of impact indicators in a region.

The isolines shown in Figure 3.14.a/b correspond to those climatgsta@s where specific biomes
are no longer viable in 50% of their current area in Central and Eastern Europe, which turned out to be
particularly sensitive in Figures 3.13.a/b. The diagrams reveal the differential sensitivity of biomes in
this region, with cool conifer forest being most and temperate deciduous forest being least sensitive.
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Figure 3.14: Different types of impact diagrams (ctd.). (a), (b): multi-category isoline diagrams; (c), (d):
multi-category trajectories (absolute); (e): multi-category trajectories (normalized); (f): area balance
diagram.
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Multi-category trajectories show the time path oflifferent sub-indicators within a region fasne
emission scenario.

Figures 3.14.c and 3.14.d depict the time trajectories for the stable and total potential area, respec-
tively, of each biome in Central and Eastern Europe under the SRES A2 scenario as a fraction of the total
land area. The area suitable for cool mixed forest is simulated to decrease from about 60% to almost
nothing whereas the potential area for temperate deciduous forest increases from less than 40% to more
than 90%. Figure 3.14.e shows the normalized version of Figure 3.14.c, which focusses on the relative
changes in the extent of different biomes rather than the absolute changes.

Area balance diagrams differ from the diagram types presented above insofar as they combine results
for two area-related impact indicators ftwo climate states only. An area balance diagram depicts the
gain-loss balance of an area-related indicator across different sub-categories or fegmrspecific
future climate statén comparison with the baseline climate.

Figure 3.14.f shows the simulated share of each biome in the total area of Central and Eastern Europe
for baseline climate conditions as well as for the climate simulated by ECHAMA4 for the year 2100 of the
SRES A2 scenario. The extent of each biome under baseline climate condiien®(in Figure 3.11)
is indicated by points whereas the stable af@pgnd the total area + ) in the changed climate state
are denoted by lower and upper bars, respectively. The data points shown in this diagram correspond to
the values of the trajectories at the right-hand side of the diagrams depicted in Figure 3.14.c/d.

3.6.3 Applications of climate impact response functions
There are three principal applications for CIRFs:

Overview mode: A CIRF allows to assess the sensitivity of a system to changes in each of the forc-
ing variables, including the detection of possible non-linearities. The joint effect of the driving
variables and possible trade-offs can also be easily identified. Response surface diagrams are par-
ticularly suitable for this application.

Forward mode: CIRFs are used to determine the likely impacts of a specific climate state or scenario,
analogous to standard applications of process-based climate impact models. The results of this
type of application are depicted by multi-scenario and multi-regional trajectory diagrams.

Inverse mode: A CIRF can be used to partition its domain in two parts, according to the compliance
with a previously defined impact guardrail. The integrated ICLIPS model can then determine the
bundle of permitted emission paths by constraining the values of the respective model variables to
the admissible partition. The information for this type of application is provided by impact isoline
diagrams.

Examples for all application modes of CIRFs and results of the integrated ICLIPS model will be
presented in Chapter 4.
3.6.4 Parametrization of climate windows

In this section we present two parameterized approximations of ‘tolerable’ climate windows from the
two-dimensional domain of CIRFs for natural vegetation and crop production. Both of them approximate
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a tolerable climate window by up to two constraints. Their main difference is in the number of scalar
parameters required to specify these constraints.

The parameterized approximations are used to translate impact guardrails into constraints that can
be directly applied in guardrail analyses with the ICLIPS climate-economy model (ICEM). Each con-
straint is represented by a linear tolerance function defined over the suitably normalized domain of the
CIRF. The first approximation, which is the standard method for the consideration of impact guardrails
in inverse analyses with the ICLIPS model, uses up to four scalar parameters to describe the constraints.
The second approximation, which is slightly less accurate, uses only two scalar parameters. This sim-
plification makes it possible to perform guardrail analyses for a representative subset of impact-related
constraints, together with various choices for socioeconomic guardrails. The result consist of a set of
emission corridors for a representative selection of all conceivable impact and socioeconomic guardrails.
This set can be used offline to estimate the size and shape of emission corridors for arbitrary impact con-
straints. Owing to the considerable computational demand of a guardrail analysis with the ICLIPS model,
such a scanning of all potential impact guardrails is not possible for the four-dimensional approximation.

The parametrizations of tolerable climate windows take advantage of the fact that only a subset
of the domain of a CIRF, termeachable climate domajrcan actually be reached by ‘reasonable’
emission scenarios. For practical purposes, the description of a tolerable climate window can therefore
be restricted to its intersection with the reachable climate domain. Each of the two parametrizations
distinguishes eight cases, depending on the ‘shape’ of the intersection between the climate window and
the reachable domain. Figure 3.15 illustrates the main elements of the parametrization for two of these
cases. Each diagram shows the domain of a CIRF, spanned by the normalized change in AGMT and
the logarithmically scaled CQconcentration. The logarithmic scaling of the latter variable reflects the
approximately logarithmic relationship between £&ncentration and equilibrium AGMT change (see
Equations 3.4 and 3.5 in Section 3.3.3).

Various straight lines are depicted in Figure 3.15. The so-cakediral path g. (in green), approxi-
mates a trajectory corresponding to the average of the four SRES marker emission scendimed)
andg_ (in blue) approximate the upper and lovieundaries of the reachable climate domaiespec-
tively. Reachable climate domains are understood here as subsets of the domain of definition of a CIRF
that can be reached by plausible emission scenarios. The algorithm for determining them is explained
in Section 3.6.5, and selected results based on the ICLIPS climate model are presented in Section 4.1.
Based on the reachable climate domain depicted in Figure 4.1.b, the lines in Figure 3.15 are specified as
follows:

9+ [CO2)norm = 1.15- ATyorm + 0.50
g-: [CO2)norm = 1.30- ATy0rm — 0.90
g« : [CO2)norm = 0.95- AT} 0rm + 0.10

For each of these straight lines, we are only interested in the segment that lies inside the domain of
definition of the CIRF. This segment is extended by parts of the boundary of the CIRF’'s domain so
that the resultinglirectional traverse connects, (the baseline climate) witf®, (the maximum level of
climate change on the central path). For details, see Figure 3.15. Since the baseline climate is assumed
to be tolerable P, always lies inside the (tolerable) climate window.

The two parametrizations of tolerable climate windows presented here are based on the existence of
specific points at the intersections of the impact isoline (in black) with the upper and lower boundary of
the reachable domain, and with the central path. These points are defined as follows:
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Figure 3.15: Parameterized approximation of tolerable climate windows for two (out of eight) cases.
Impact isoline diagrams for (a) case 1, and (b) case 6.



108 CHAPTER 3. IMPACTS MODELLING IN THE ICLIPS MODEL
Case 1 2 3 4 5 6 7 8
Py + — + — + - + -
P + + — — + + - —
P, + + + + — — — —
Constraints (P_|_,P*) (P+,P*) (P _E) (P+,ﬁ)+) (P+,ﬁ)+)
(4 parameters) (P,,P_) (P,,P.) 4 (p,P) (P,P)
Constraint P,,P, P,,P, P.,P
onstraimts (P*,O[*) ( + ) (P*,—%) (~+ ) 5 ( + +)
(2 parameters (P, P_) (P,,P_) (P—-,P-)

Table 3.3: Cases
+: the respective

distinguished in the specification of constraints for parameterized climate windows.
point exists:: the respective point does not exist., (is defined in the text.)

P, | P.: thefirst/last intolerable point on the traverse defined by
P_ | P_: thefirst/last intolerable point on the traverse defined by
P,: the first intolerable point on the traverse definedjby

P,: the last point on the traverse defineddyy

Constraints related to ‘tolerable’ climate windows are represented in the ICLIPS model by one or
more linear ‘tolerance functions’ defined over the normalized domain of the CIRF. Positive values of the
tolerance function indicate admissible climate states (i.e., states inside the tolerable climate window), and
negative values indicate non-admissible climate states. We specify the constraints either in the two-points
form or in the point-angle form.

Two points: (P, P,) denotes the constraint that excludes all points toléfiteof the directional line
that connectsd?, = (z1,y1) with P, = (x9,y2). This constraint is represented by the tolerance
function

Tol(Py, P2) : (2,y) = (y2 —y1) - (v — x1) — (22 — 1) - (y — y1)- (3.27)

Point and angle (or slope): (P, «) denotes the constraint that excludes all points tdefief the direc-
tional line that goes througR; = (x1, y1) and has the slopen(«). This constraint is represented
by the tolerance function

Tol(Py, ) : (x,y) — sin(a) - (x — 1) — cos(a) - (y — y1)- (3.28)

Table 3.3 shows how the constraints are defined depending on the existghcerof, andP,.. The
following cases are distinguished in the four-dimensional parametrization:

Cases 1-3: P, exists, andP,. or P_ (or both) exist.

If P, (or P_) exists, a constraint is defined by the line that connégtsvith P, (or P, with P_).
If both points exist, two constraints are defined.

Case 4: P, is defined but neitheP, nor P_ exist.
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This reflects the rare case that a segment of the central path is intolerable even though the boundary
of the reachable climate domain is completely tolerable. The constraint passes titouglthe
absence of specific information, the sensitivity to both drivers (i.e., normalized temperature and
CO, change) is assumed to be equal, as expressed=by-r/4.

Cases 5-7: P, does not exist buP, or P_ (or both) exist.

If P, (or P_) exists, a constraints is defined by the line that conn&gtsvith P, (or P_ with
P). SinceP, does not exist, the complete~ centraNLI path, includifgis tolerable. The existence
of Py (or P) thus implies the existence &t, (or P_). If both points exist, two constraints are
defined.

Case 8: Neither P, nor P_ nor P, exists.

If neither the boundary of the reachable domain nor the central path contain intolerable segments,
no constraint is defined.

The parametrization described above approximates well all but rather ‘degenerate’ climate windows.
In general, the climate window is represented by two linear constraints on the normalized input variables
of the CIRF. Since these constraints are defined by up to four independent points on pre-defined traverses,
four scalar parameters are generally required for their specification.

We now present a variation of this parametrization that needs only two parameters. The only cases
that required more than two parameters for their description are the cases 1 and 5, i.e., whéYe both
and P_ exist. For the two-dimensional parametrization, the specification of the constraints is modified
as follows:

Case 1': If P, exists, the two original constraints are replaced by a single one (see Figure 3.15.a). The
line that defines the new constraint goes throfghits slope is determined by the slope of the line

that connects®;. = (z,y,) with P_ = (z_,y_), as represented by, = arctan (M) .
Ty —T—
Case 5: If P, does not exist, the two original constraints are modified by substituting the fixedRpoint
for the variable points?, and P_. As a result, each constraint can be described by a single
parameter.

The two diagrams in Figure 3.15 illustrate the cases 1 and 6. ‘Case 1 isolines’ are typical for impacts
on natural ecosystems (see Section 4.2). Since changes in the mean climate as well as increases in
CO, concentration can trigger ecosystem transformations, tolerable climate windows typically involve
constraints for both variables. ‘Case 6 isolines’ are often associated with crop impacts (see Section 4.3).
Anticipated climate change alone is often simulated to decrease crop yields but this effect tends to be
(partly) compensated by the stimulation of plant growth under elevatedoGfrentration. Hence, the
intolerable part of the domain is restricted to combinations of high levels of climate change with low
CO, concentrations (i.e., the lower right part of the impact isoline diagram).

3.6.5 Computation of reachable climate domains

The implementation of the ICLIPS climate-economy model in the optimization calculus GAMS offers
the novel possibility to establigieachable domainglefined as feasible combinations of values of at least
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two model variables under given restrictions (cf. Section 2.4.1). In this section, we describe an algorithm
for determining reachableimatedomains, understood as those subsets of the two-dimensional domain
of the CIRFs that can be reached by ‘plausible’ emission scenarios.

If previous knowledge ascertains that a reachable domain is connected along all but one of its dimen-
sions, it can be determined straightforwardly by successively maximizing and minimizing one dimension
while prescribing the values for the other ones. However, such an algorithm fails for certain convoluted
reachable domains, including many of the reachable climate domains considered here.

For the sake of brevity, we employ a notation for reachable climate domains that is slightly different
from the one introduced in Section 2.4.1. Based on Equation 2.10 on p. 53, we define the reachable
climate domain for a time period,, t2] as

RD(tl,tg) = Reachij([tl,tg],wo) g C x P,

wherebyC and P denote the ranges of AGMT change andsGfOncentration, respectively. The reach-
able climate domain for a point in timds denoted a&D(¢) = RD(¢, t).

The algorithm for determinin®D (¢4, t2) presented here requires two preconditions to be true. First,
RD(t1,t2) needs to be simply connected so that it can be approximated by a single polygon. Second,
all RD(¢) need to be connected along one optimization dimension. The hypothetical reachable domain
depicted in Figure 3.16.a, for instance, is connected along diension buhot along thec dimension
where the intersection at= p; consists of two separate intervals. We note without formal proof that the
reachable climate domains considered here fulfill these two conditions. In fagtIttie are connected
along both optimization dimensions. Tl(¢,2), even though being simply connected, are often
disconnected along both dimensions, which prevents the application of the straightforward algorithm
sketched above.

The basic idea of our algorithm is illustrated in Figure 3.16.b. First, reachable climate domains are
determined for discrete time slices. Second, the algorithm successively constructs the union of these
reachable climate domains, which approximates the reachable domain for the whole time period. We
note that the first step is similar to an algorithm for computing higher-dimensional emission corridors
that was developed independently by Kriegler and Bruckner (2003).

Through suitable modifications of the objective (‘goal function’) to be maximized or minimized, the
ICLIPS climate model (ICM) can be used to determine, i.a., the maximum and minimum temperature at
timet (denoted as™ (t) andc ™ (t), respectively, in Figure 3.16.a), and the maximum and minimum CO
concentration at timefor a given temperature changgdenoted ag™ (¢, ') andp™ (¢, ), respectively).

All these optimizations refer to a given set of plausible emission scenarios implemented as constraints
on admissible control strategies.

The algorithm for determinin®D (¢1,t2) proceeds as follows:

1. Discretize the time periofl1, t5] into a finite set of time slices, which is denotedZas (In the
present example, the discretization is determined by the temporal resolution of the ICM.)

2. Determine the maximum and minimum temperature reachalaeyaif these time slices as fol-

lows:
+ +
= t
© = et
¢ = minc (¢).

teT
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Figure 3.16: Two reachable climate domains. (a) Hypothetical reachable domain with a convolution.
(b) Time evolution of a reachable climate domain determined by the ICLIPS Climate Model. Depicted
are the boundaries of the reachable domains for each point in time by dashed and dotted lines as well as
their projections onto the temperature-£€ncentration surface. (For a description of the underlying
assumptions, see Section 4.1.)
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Discretize the reachable temperature intefwal c*] into an ordered set of valuds, c, . . ., ¢ }
such that; = ¢~ andc;, = ¢ ™.

. For each time slicé € T, define a traverse (i.e., the boundary of a polygon) by a sequence of

points, as follows:

P = (c1,p_(t,c1)), (CQap_(taCQ))a R (Ck,p_(t, clc))a
(Ck,p+(t,ck)), (clcflap—i—(tvckfl))a L) (cl,p+(t, cl))'

If the algorithm finds no feasible solution for a specific combinatiohasfdc, the respective point
is omitted from the traverse.

P, is a closed line of up t@k segments. SincBD(¢) was required to be connected along the
optimization dimension, its boundary is approximatedmy (Actually, the choice of the opti-
mization dimension does not matter here bec&B¢t) is connected along both dimensions.) In
the graphical representation of Figure 3.16.a, the first (up) ®egments ofP; approximate the
‘lower part’ of the boundary oRD(¢), and the last (up t&) segments approximate the ‘upper
part’.

. For a smoothly changing climate system and a sufficiently fine discretization of the time axis, the

union of all time-specific reachable domaing,. RD(¢), approximates the reachable climate
domain for the whole time perio®D(#1,t2). This final step determines sequentially, based on
theP,,t € T, a traverséP that approximates the boundary of that union:

Select any time-specific traverse, which is denote@®as Find another travers@,» such that
the intersection of the two polygons enclosed7y and P;» is non-empty. Since we required
RD(#,t2) to be simply connected, sucha must exist. Determine the boundary of the union of
these two polygons, and substitute it f@y. Repeat this step for each remaining traverse until the
boundary of the union of all polygons has been determined, which is denofed as

The determination whether two polygons have a non-empty intersection is done by checking
whether any pair of segments from their boundaries intersect, whereby the case that one polygon is
a subset of the other one needs to be treated separately. A similar method is used to determine the
boundary of the union of two polygons, which consists of all those segments from each boundary
that do not lie inside the other polygon.

This algorithm has been used to determine the boundary of reachable climate domains under various
constraints for emission scenarios. A specific reachable domain (with rather weak constraints) was used
in the parametrization of ‘tolerable’ climate windows in Section 3.6.4. Other results are presented in
Section 4.1.

3.7

ICLIPS Impacts Tool

This section presents the ICLIPS Impacts Tool, a graphical user interface that provides access to a large
set of climate impact response functions (CIRFs) from the ICLIPS model.
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3.7.1 Purpose of the software

The reduced-form impacts module of the ICLIPS integrated assessment model is comprised of CIRFs
that depict the regional sensitivity of selected impact sectors to changes in important climatic and atmo-
spheric drivers. These CIRFs result from a large set of simulations with sector-specific impact models.
The CIRFs were initially developed to enable the incorporation of thresholds for climate impacts in
guardrail analyses with the ICLIPS model. However, they are also a valuable source of information in
their own right.

The ICLIPS Impacts Tool makes the comprehensive set of CIRFs developed for the ICLIPS model
available to a wider community. The graphical user interface provides convenient access to a large num-
ber (ca. 100,000) of climate and impact diagrams for a wide range of impact indicators, geographical
regions, and climate projections. The ICLIPS Impacts Tool may be used to obtain an overview about
potential climate impacts as simulated by several biophysical impact models, and to derive ‘tolerable’
climate windows corresponding to a certain level of climate impacts. It also supports sensitivity anal-
yses across impact indicators, geographical regions, emission scenarios, and climate projections from
different GCMs.

The main limitations of the ICLIPS Impacts Tool are two-fold. First, the climate and impact models
applied to determine the CIRFs ignore some important factors, for instance the possibility of large-
scale singularities in the climate system, socioeconomic factors affecting the vulnerable system, and the
potential of planned adaptation (cf. Section 3.4.3). Second, the computer tool covers only the impacts part
of the ICLIPS integrated assessment model. Whilst the inclusion of additional features into the ICLIPS
Impacts Tool appears desirable at first sight, they would certainly increase its complexity. Potential users
might no longer be able to manage the program and understand all assumptions that exert influence on
the model results. The ICLIPS Impacts Tool thus represents a compromise between flexibility in its use,
realism in the representation of the relevant system components, and comprehensibility of its results.

Further developments of the ICLIPS Impacts Tool may either extend the database of CIRFs or the
functionality of the software. The most important functionality not yet implemented in the ICLIPS Im-
pacts Tool is the export of the numerical simulation results represented in the impact diagrams, preferably
by using parameterized approximations of impact isolines (cf. Section 3.6.4) or of the response surface
diagrams (see, e.g., Downing et al., 1985; Webster and Sokolov, 2000).

3.7.2 Use of the software

Figure 3.17 shows the main screen of the ICLIPS Impacts Tool. The central task of the software is the
step-by-step selection of an impact diagram from the large accompanying database.

Most dimensions of the impact result space (cf. Section 3.6.1) are represented by a menu in the top
panel. The five menus to the left always comprise the dimensions “Impact indicator”, “Area coverage”,
“Regional grouping”, and “Climate model” as well as the selection of the “Diagram type”. The choices
that areactually available in a specific menu depend on the selections made in the menus to its left. For
instance, the selected impact indicator determines which area coverage and regional grouping can be
chosen. The dimensions represented in the last two menus to the right depend on the selected diagram
type (cf. Table 3.4). Response surface diagrams, for instance, require the selection of a region and,
potentially, a sub-indicator. In Figure 3.17, the menu on the far left is disabled because the impact
indicator “Change of biome” does not comprise sub-indicators (cf. Section 3.5.1).



114

CHAPTER 3. IMPACTS MODELLING IN THE ICLIPS MODEL

& 1CL1PS Impacts Tool v0.21 Rl ; =]
Change of biome
-Diagram
“Impact indicator Area cwerageﬁ Regional grouping {Climaie model | Diagram type Region | Sub-indicator
‘ Change of biome —|”Nan-agricunural area IMBiogeugraphic regions | ECHAM4-OPYC | | Response surface | [AII regions | [[defau!t] |‘
Actions Help
51 _
= All regions
H (Baseline: 85.3 % of land area) Py
= 20 — o
» — =
[ =0
20
Y T 0
o BO
Sl L]
= g
= 50 o
— o
o i
it 5
w 2 40 H
Bt 6
[ £
g S 20 A
o
m = 1000
g, 10 - an0
== c ;
i E ;
A5 [#] 0 CO, conc.
11- 0 [ppm]
i 15
2 25 3 38 4 325
Change in global mean temperature [°C]
(ECHAM4/OPYC: ATE.CO;Z.?Q °C)
Scenario preferences Image preferences
Select ermission scenarios| - [7] Show emission trajectories [¥] Convert from PostScript | | Scale rasier imanes
Copyright: Hans-Martin Fiissel {fi li@pik-potsdam.de), Potsdam Institute for Climate Impact Besearch, 2003.

Figure 3

.17: Screen shot of the ICLIPS Impacts Tool showing a response surface diagram

Diagram type First dimension Second dimension

Response surface, Region Sub-indicatdr
impact isolines,
scenario trajectories

Multi-regional isolines Sub-indicatbr  Impact guardrail
Multi-regional trajectories ~ Sub-indicafor Emission scenario
Multi-category isolines Region Impact guardrail

Multi-category trajectories, Region Emission scenario
area balance

1This dimension is only relevant if the impact indicator requires the selection of a sub-category.

Table 3.4

: Dimensions of the two far right-hand menus in Figure 3.17 for each diagram type
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After a choice has been made from all menus, the selected impact diagram is displayed in the central
part of the screen. The bottom panel allows the user to specify one or more emission scenarios, the time
trajectories of which can be displayed in isoline diagrams (see Figure 3.12 for examples). Various graph-
ical properties for the display of impact diagrams can also be specified. The toolbar to the left allows the
user, i.a., to export impact diagrams in different file formats, to print them, and to simultaneously display
multiple diagrams. The toolbar to the right gives access to the user help system of the ICLIPS Impacts
Tool.

3.7.3 Technical aspects

The ICLIPS Impacts Tool is written in Java 2 (including Swing and Java Advanced Imaging). It is
distributed on a CD-ROM that runs without installation on all platforms for which the Java Runtime
Environment (JRE) is available, including Microsoft Windows, Mac OS X, Linux, Solaris, and AlX.

Owing to the high dimensionality of the impact result space, the set of impact diagrams is rather large
(about 100,000). These diagrams are available as Encapsulated PostScript (EPS), Graphics Interchange
Format (GIF), and Portable Network Graphics (PNG) files. The EPS format combines a small file size
with an excellent output quality, including the possibility to scale the diagram without quality loss. How-
ever, the Java Virtual Machine only supports the display of raster graphics like GIF and PNG (whereby
the latter requires JRE version 1.3 or higher). The ICLIPS Impacts Tool is thus equipped with two dif-
ferent display modes. In basic mode, the raster graphics are displayed directly. In advanced mode, the
external image handling tool ImageMagick is called to perform an on-the-fly conversion of the EPS files
into a raster format. ImageMagick is freely available for many operating systems, including Microsoft
Windows. It is already contained in standard Linux distributions. The program documentation, which is
in HTML format, is displayed by a standard browser.

The ICLIPS Impacts Tool is distributed on a CD-ROM that comprises

e the platform-independent Java code,

¢ all impact diagrams (in compressed EPS and PNG files),
e the program documentation,

e JRE 1.4 for Windows and Linux, and

e ImageMagick for Windows.

The CD-ROM allows the ICLIPS Impacts Tool to be run in advanced mode on 32-bit Windows and
Linux platforms. On Mac OS X (which already comprises the JRE), it runs in basic mode only unless
ImageMagick and Ghostscript is installed. On other platforms, such as Solaris and AlX, the JRE needs to
be installed for running the ICLIPS Impacts Tool. (All third-party software mentioned before is available
for free from the respective developers.) A web browser is required to view the documentation.

The ICLIPS Impacts Tool applies object-oriented programming techniques in order to facilitate the
inclusion of new results as they become available. However, the extension of the database would require
the use of DVDs as distribution media since the storage capacity of CD-ROMs is already fully utilized.
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Chapter 4

Results of the ICLIPS integrated
assessment model

This chapter presents simulation results of the ICLIPS model. Section 4.1 shows reachable climate
domains determined with the ICLIPS climate model. Sections 4.2, 4.3 and 4.4 present selected climate
impact response functions for natural ecosystems, agricultural crop production, and water availability.

Finally, Section 4.5 describes a guardrail analysis with the integrated ICLIPS model that applies climate

impact response functions for natural vegetation.

Section 4.1 is based on the contribution of the author of this thesis to Bruckner| et al.
(2003a). Sections 4.2 and 4.3 present work of the author that has been published in
Fussel and van Minnen (2001);UBsel et al. (2003); Toth et al. (2002). Section |4.4

is based on a contribution to5ssel et al. (2003) from one of the co-authors of that
publication. Section 4.5 presents work of the ICLIPS group published in Toth |et al.
(2002) with major contributions from the author.

4.1 Results of the ICLIPS climate model

The ICLIPS climate model (ICM) simulates the global carbon cycle, the chemistry of nerg&®en-

house gases, radiative forcing, and the climate system on a global scale. ICM is typically applied as a
component of the ICLIPS climate-economy model (ICEM) where it provides dynamic restrictions for
the computation of admissible emission corridors in guardrail analyses. We present here two stand-alone
applications of the ICM that also yield useful results.

Climate trajectories

Like any other climate model, ICM may be used to compute climate trajectories for specific emission
scenarios in ‘forward mode’. lllustrative results for three emission scenarios specified by the IPCC SRES
team (Nakicenovic and Swart, 2000) are included in Figure 4.1.b. Climate trajectories are also used
in impact isoline diagrams that partition the climate—-Csate space into ‘tolerable’ and ‘intolerable’
regions for specific choices of impact guardrails (cf. Section 3.6.2).

117
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Reachable climate domains

Reachable domains are defined as feasible combinations of values of at least two model variables under
given restrictions for plausible emissions scenarios (cf. Section 2.4.1). We present here results for reach-
able climate domains defined over the domain of the climate impact response functions (CIRFs) that were
determined by the algorithm described in Section 3.6.5. This algorithm involves multiple applications of
ICM with appropriately modified goal functions and constraints.

Figure 4.1 depicts all feasible combinations of the atmospherigd@@centration and the change in
annual global mean temperature (AGMT) for a given climate sensitivity of@.6nder the following
set of assumptions and restrictions for future greenhouse gas emissions.

e Two time horizons are considered: 2100 and 2200.

e As long as the remaining restrictions hold, energy-related @@issions and total anthropogenic
CH, and N;O emissions can be altered freely and independently.

e The rate of change for energy-related £€missions and for total anthropogenic Cahd NO
emissions is restricted t3% per year before the year 2100, andtb% per year afterwards.

e Energy-related C@emissions are bounded by the fossil-fuel intensive SRES A1C-AIM scenario
during the 2% century. After 2100, the upper bound increases by 1% per year.

e During the 2% century, the SRES A2 marker emission scenario —yielding the highesta@é
N>O emissions out of all fully harmonized SRES scenarios— is used as an upper bound for total
anthropogenic CiHand N;O emissions. The upper bound remains constant thereafter.

e CO, emissions due to land-use change and total &hissions are prescribed according to the
SRES A2 marker emission scenario until the year 2100, and remain constant thereafter.

e Future halocarbon emissions are prescribed according to the Montreal protocol and its amend-
ments.

e SO, emissions are coupled to energy-related,@issions assuming a globally averaged desul-
phurization rate that may vary between 0.5% and 2% per year.

Although these assumptions are guided by the SRES emission scenarios, they are obviously debat-
able. Their primary purpose here is to provide reasonable restrictions for the representative computation
of a reachable climate domain.

As Figure 4.1 clearly shows, a specific change in global mean temperature may come along with
rather different CQ concentration levels and vice versa. The temperature spectrum associated with
a given CQ concentration level can be explained by diverse preceding €fission paths and by
different past or present concentration levels of the other greenhouse gases and aerosols. Furthermore,
in Figure 4.1.b, identical C©Oconcentration levels may be realized at different points in time. Contrary
to popular perception, the related ambiguity can be tremendous even for a fixed climate sensitivity. Up
until 2200, a CQ concentration level of 550 ppm, for example, may be accompanied by a change in
global mean temperature between less tha@ tr even more than<€ (compared to the period 1961—
1990). If an uncertainty interval for the climate sensitivity were used instead of a fixed climate sensitivity
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Figure 4.1: Reachable climate domains up to 2200. (a) Time evolution of the reachable climate domain.
Depicted are the boundaries of the reachable domains for each point in time by dashed and dotted lines
as well as their projections onto the temperature-€@ncentration surface. The dashed (dotted) lines
show the maximum (minimum) temperatures compatible with the investigatgd@@entration levels

for specific points in time. Temperature change is specified with respect to the average climate of the
period 1961-1990 for a climate sensitivity of 2(. (b) Envelope of all time-dependent boundaries of

the reachable climate domain until 2100 (solid lines) and 2200 (dashed lines). The results of a forward
calculation for three SRES scenarios and one 1S92 scenario are presented for comparison. The trajecto-
ries depict the C@concentration and the change in global mean temperature in decadal steps from 1970
(lower left corner) until 2100. Further assumptions and restrictions are discussed in the text.
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Figure 4.2: Reachable climate domains for the’2dentury for variable and prescribed CHnd N,O
emissions depicted by bold lines and dotted lines, respectively.

value of 2.5 C, the resulting reachable domains would become even wider. Due to the lagged response
of the climate system and to the additional Ca&hd N,O accumulating between 2100 and 2200, the
temperature range associated with a giverp C@ncentration level extends considerably towards higher
temperature levels if 2200 instead of 2100 is used as the time horizon considered.

Figure 4.1 also shows that the inertia of the ££8nitting economic system (operationalized by the
restrictions for the emission scenarios) and the slow removal of carbon from the atmosphere unavoidably
lead to CQ concentrations above present-day levels throughout tFlec@ttury. CQ concentrations
slightly below the 2000 level sometimes in the"22entury are compatible with the restrictions for
emission scenarios but they would still be accompanied by considerably higher global mean temperatures
due to the inertia of the climate system.

Careful analysis of Figure 4.1.areveals that the lowest concentration values of the year 2100 and 2200
simultaneously define the lowest concentration values of the overall envelope depicted in the lower dia-
gram for the time horizons 2100 and 2200, respectively. In other words, the lowest concentration levels
reachable in the next 100 years (200 years) can only be realized in 2100 (2200) after the concentration
profile associated with the emission profile that minimizes concentrations in 2100 (2200) has already
culminated. The respective emission profile is unique as are the emission profiles that maximize concen-
tration levels in 2100 (2200). This explains the existence of horizontal parts of the envelopes depicted in
Figure 4.1. The ambiguity of the temperature levels associated with the lowest and highest concentration
levels originates from different radiative forcing contributions fromyCN,O, and SQ emissions.

The influence of various assumptions concerning, @Hd N,O on the shape of reachable climate
domains is further investigated in Figure 4.2. The (wider) corridor labelled,“CN,O flexible” cor-
responds to the narrower corridor in Figure 4.1. Another corridor is shown inside wherar@H\,O
concentrations are prescribed according to the SRES A2 scenario that previously defined the upper bound
of their flexibility ranges. For a given C{roncentration leveinaximumvalues for temperature change
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are therefore identical in both cases. Thus the related part of the reachable climate domain envelope
is not altered. Prescribing high GHand N,O emissions, however, considerably increasesntiva-
mumtemperatures associated with given{gncentrations. Note that GHnd N,O emissions in the

SRES A1C-AIM scenario are lower than the prescribed ones. SRES A1C-AIM is therefore able to real-
ize smaller minimum temperature changes for given, €@centrations and consequently transgresses
the boundary of the reachable climate domain in the prescribed emission case.

For maximum C@Q concentration levels (represented by the top right ‘corner’ of the reachable do-
main), the temperature range is considerably smaller for fiexed than for variablen@Ht, O emissions.
The remaining ambiguity is due to different $8cenarios. For low COconcentration levels, the tem-
perature ambiguity diminishes even more, and the horizontal line at the bottom of the reachable climate
domain envelope almost vanishes. This is a consequence of the last constraint that (loosely)dinks SO
emissions to C@emissions. Hence, the variability of g@missions (and the associated temperature
effect) is proportional to the level of GGemissions. The lower right ‘corner’ of the reachable domain
can be reached in 2100 by the most stringent, @@ission reductions permitted by the predefined
constraints. The minimum temperature change in 2100 (compared to 1961-1990) is abdqt 0185
variable CH and N;O emissions, yet about twice that amount for prescribed (high) emissions. This
result clearly emphasizes the importance of nony@@issions for long-term climate protection.

The approach to reachable climate domains presented here should not be confused with complemen-
tary efforts to display the climate-concentration combinations accessibkpeiEficSRES scenarios
(Smith et al., 2001, Figure 19-1). This latter line of investigation delivers isolated results similar to
the results for the different scenarios depicted in Figure 4.1.b. These results therefore do not reveal
those parts of the climate-concentration state space which are only accessible by purposeful but still
constrained emissions mitigation policies.

4.2 Climate impact response functions for natural vegetation

In this section, we present CIRFs for natural vegetation. Simulation results for agricultural crop produc-
tion and water availability are presented in Sections 4.3 and 4.4, respectively. Due to the large number
of impact indicators, considered regions, and climate projections considered in the CIRFs, only selected
findings can be shown here. The extensive set of simulation results is accessible via the ICLIPS Impacts
Tool (see Section 3.7).

The BIOME 1 equilibrium vegetation model as adapted for IMAGE 2 has been applied in the ICLIPS
framework to determine the dominating biome based on seasonal climate datap@@ntration, and
soil conditions (see Section 3.5.2). Various impact indicators were defined that reflect the sensitivity of
potential natural vegetation to global climate change (see Section 3.5.1).

This section starts with simulation results for specific emission scenarios that represent applications
of CIRFs in ‘forward mode’. Subsequently we show scenario-independent simulation results that enable
the application of CIRFs in ‘inverse mode’. Finally, we discuss the results of various sensitivity tests
for the simulated vegetation impactQuantitativesimulation results are presented by means of vari-
ous impact diagrams (cf. Section 3.6.2) whereas the text generally deals withubéiative aspects.
Occasionally, less important results are mentioned in the text without the support of an impact diagram.



122 CHAPTER 4. RESULTS OF THE ICLIPS MODEL

4.2.1 Results for specific climate scenarios

We report here selected simulation results for the impacts of climate andc@&hge on ecosystem
transformation for a number of ‘no-policy’ and ‘stabilization’ emission scenarios defined by IPCC. We
use the aggregated indicators “stable biome area” and “total biome area” (expressed as a percentage of
the baseline area in the reference period 1961-1990) to represent climate impacts on ecosystems. It is
important to stress again that vegetation changes were simulated by an equilibrium vegetation model.
Since there may be a significant time lag between climate change and the vegetation change caused by
it, the results stated below indicate the long-term effects of a certain climate scenario but not necessarily
its transient impacts.

Figure 4.3 shows simulation results based on climate change patterns from the ECHAM3 model
that resemble the ‘ecological response functions’ presented in Toth et al. (2000multirscenario
trajectoriesin Figure 4.3.a depict globally aggregated ecosystem impacts for various emission scenarios
defined by the IPCC. The wide range of plausible future GHG emissions in the absence of specific
climate protection measures is covered by the four so-called SRES marker scenarios (Al, A2, B1, and
B2) and by a coal-intensive scenario (SRES A1C). We also investigate four scenarios with stabilizing
concentrations (S350, S450, S550, and S750) defined in Houghton et al. (1994). Simulated global biome
shifts in 2100 range from 15% to more than 50%, which underlines the wide range of possible future
developments despite the inertia of the climate system. nilé-regional trajectoriesn Figure 4.3.b
show results for one of these emission scenarios (SRES Al) broken down by biogeographical regions
(cf. Figure 3.9 on p. 91). This diagram provides a first hint on the regional heterogeneity of vegetation
impacts, which will be explored in more detail later.

Figure 4.4 provides information on the sensitivity of specific biomes on the global leveintitie
category trajectoriesn Figures 4.4.a and 4.4.b show the stable area and the total area, respectively, of
each biome (except for “ice”). Due to their varying climatic requirements, biomes show very different
responses to the simulated climate change. Tropical woodland, for instance, is not expected to lose a large
fraction of its current extent, and it may even expand considerably into areas that are currently unsuitable.
Prospects are much worse for some high-latitude biomes. Figure 4.4.a shows that climatic conditions
would become unsuitable for wooded tundra and cool coniferous forest throughout their present range
by the end of the Z1century. According to Figure 4.4.b, the total potential area of wooded tundra (and
even more of tundra) is also drastically reduced.

Figure 4.5 presents a summary of biome-specific simulation results based on climate change projec-
tions from three GCMs. Thiarea balance diagransompares the stable and total area of each biome in
a future climate (after equilibration) to its baseline extent. For the year 2100 of the SRES Al scenario
(that was also chosen in Figure 4.4), ICM simulates g €@ncentration of 690 ppm and a (transient)
increase in AGMT that equals the climate sensitivity of the respective GCM (see Table 4.1). The bold
long bars depict the baseline area of each biome whereas the (thinner) lower and upper bars show the
stable area and the total area in the future, respectively. The difference between the latter two values
denotes the area that may become newly suitable.

The simulations for the ECHAM4 and HadCM2 climate change patterns yield more cool mixed forest
and hot desert but less steppe and tropical evergreen forest than those for the ECHAM3 patterns. On the
global level considered here, the differences are generally moderate. With the exception of tropical
evergreen forest, there is an agreement on the sign of the projected changes in the total area of each
biome across all GCMs.
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Figure 4.3: Trajectories depicting simulated vegetation changes. (a) Globally aggregated stable biome
area for various emissions scenarios. (b) Stable biome area in various biogeographic regions for the
SRES Al emissions scenario.
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Figure 4.4: Trajectories depicting globally aggregated changes in specific biomes for the SRES Al
emissions scenario. (a) Stable biome area. (b) Total biome area.
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Figure 4.5: Area balance diagram, depicting the potential extent of all biomes for the baseline climate
(1961-1990) and for the climate state simulated by three GCMs for the year 2100 of the SRES A1 marker
scenario.===: potential area of each biome in thaselineclimate; L. stable area and': total area of

each biome in equilibrium with thehangedclimate. ATy, co, is the GCM-specific climate sensitivity.

The presentation of scenario-dependent simulation results is concluded with Table 4.1, which sum-
marizes vegetation impacts for the total land area and for protected areas based on climate projections
from three GCMs. The results for tlghobal extent of biome change between the baseline climate and
the climate of the year 2100 are robust across GCMs, and they correspond well for the total land area and
for protected areas. Another robust feature in all simulations is that high-latitude regions (i.e., Nearctis
and Palaearctis) are more sensitive to global climate change than low-latitude regions (i.e., Aethiopis,
Australis, and Neotropis). Interestingly, the regional variability in the vegetation sensitivity is consis-
tently larger for protected areas than for the total land area. In particular, in regions where vegetation is
generally highly sensitive to global climate change, vegetation in protected areas is even more sensitive.

4.2.2 Scenario-independent results

The scenario-dependent results discussed above provide important information on the impacts associated
with a pre-defined set of emission scenarios. However, they cannot be directly used for the specification
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GCM ECHAMS3 ECHAM4 HadCM2
Equilibrium climate change for a doubling of the equivalent CO4 concentration
ATy co, (global) 2.7rC 2.8°C 2.8°C
ATMP (land area) 3.7C 4.4°C 3.9°C
APRC(land area) +8% +6% +4%
ACLD (land area) —2% +1% —-1%

Biome change simulated for the climate of the year 2100
(left: total land arearight: protected areas)

Global average 38% 37% 39% 39% 35% 34%

Maximum change 51% 57% 52% 65% 54% 62%

in a region Nearctis Palaearctis Nearctis Nearctis Nearctis Nearctis

Minimum change 28% 23% 21% 13% 19% 15%

in a region Aethiopis Neotropis Australis Australis  Aethiopis Aethiopis
Decade wherglobal guardrail for biome change is exceeded

10% change 2010s2010s 2010s 2010s 2010s 2020s

20% change 2030s 2040s 2030s 2040s 2040s 2040s

30% change 2060s 2060s 2060s 2060s 2070s 2070s
Decade wherregional guardrail for biome change is exceeded

20% change 2030 2020 2020 2020 2030 2030

Palaearctis Palaearctis Palaearctis Palaearctis Nearctis Palaearctis
50% change 2090 2070 2090 2060 2080 2070

Nearctis Palaearctis Nearctis Palaearctis Nearctis Nearctis

fFor the SRES A1 marker scenario, we calculatefl(2100) = 1.00 andpco,(2100) = 690 ppm. The
amount of climate change in the year 2100 thus corresponds to the figures stated in the uppermost part
of the table for a doubling of the equivalent @€@bncentration.

Table 4.1: Simulated climate impacts on natural vegetation relative to the baseline period (1961-1990)
for the SRES Al marker scenario. The climate data refers to changes in annual global mean temperature
(ATMP), precipitation APRC), and cloud coverACLD).

of impact constraints in guardrail analyses. The scenario-independent results presented here have been
determined with the explicit goal to be used in inverse mode, i.e., for guardrail analyses.

Figure 4.6 shows the globally averaged sensitivity of vegetation in protected areas to changes in
AGMT and atmospheric C© Theresponse surface diagram Figure 4.6.a depicts the dose-effect
relationship between the two input variables of the CIRF (on the horizontal axes) and the chosen impact
indicator (on the vertical axis). We observe that the relationship between each input factor and the impact
indicator is monotonously increasing and rather smooth. The combined effect of changes in both forcing
variables is generally larger than the effect of each individual input factor but less than their sum. The
coloured isolines connect points on the response surface for which the simulated impacts are equal.
In the present example, they correspond to exemplary impact guardrails that limit biome changes to
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Figure 4.6: Impact diagrams depicting the percentage of the world’s protected areas where the current
biome becomes inviable across a range of changes in several regional climate variables (scaled by the
change in global mean temperature) and,@0Oncentration. (a) Response surface diagram. (b) Impact
isoline diagram. The climate trajectories corresponding to the four SRES marker scenarios and an ad-
ditional climate stabilization scenario defined by the WBGU are depicted in decadal steps from 1970
(bottom left corner) to 21007, P, andC refer to annual temperature, precipitation, and cloud cover in

the considered region (i.e., all continents).
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10%, ..., 50% of protected areas worldwide. In Figure 4.6.a, the isolines drawn onpibasesurface
are also projected on the base surface.

The impact isoline diagramn Figure 4.6.b shows the projection of the isolines from Figure 4.6.a
onto the domain of the CIRF. The diagram is annotated with information about the climate projection
that drives the simulated vegetation changes. The level of climate change is indicated above and below
the diagram by the normalized and absolute change in AGMT, respectively. The annual mean values of
all considered climate variables within the respective region for the baseline climate and for the endpoint
of the climate domain (i.e., for an AGMT change of 1875 c0,) are also provided. This reminds the
reader that pattern scaling considers changes in all pertinent climate variables. We also depict the climate
trajectories computed for the four SRES marker scenarios and for an additional climate stabilization
scenario proposed by the German Advisory Council on Global Change (WBGU, 1997). The trajectories
start in the bottom left corner of the diagram, which represents the climate of the baseline period 1961—
1990. Their time evolution is denoted in decadal steps until 2100. The ‘30% guardrail’ (shown in blue),
for instance, is violated by the SRES A1l scenario around 2070.

Since the genetic pools of different biogeographic regions are quite distinct, imposing constraints on
globally averaged vegetation impacts only is unlikely to be sufficient for the preservation of terrestrial
biodiversity. Hence, we present in Figure 4.7 selected simulation results for regional vegetation change.
The multi-regional isoline diagramdepicted in Figure 4.7.a refers to an illustrative ‘20% guardrail’ for
each biogeographic region (coloured isolines) and on the global level (dashed isoline). The almost verti-
cal gradient of the impact isolines for high-latitude regions (e.g., Nearctis; see also Figure 4.7.b) reflects
the well-known fact that vegetation in these regions is most sensitive to temperature changes. In contrast,
the more horizontal isolines in water-limited regions (e.g., Australis; see also Figure 4.7.c) indicate that
CGO, increase is an important driver for vegetation change there. Owing to the considerable variability
in the sensitivity of ecosystems to climate and {C&hange across regions, climate windows become
much more restrictive if an impact constraint refers to each region instead of the global average (see also
Table 4.1).

4.2.3 Sensitivity analysis

The sensitivity of CIRFs was analyzed, i.a., for variations in the source and the temporal resolution of
the climate projection, and in the spatial coverage and the aggregation level of the impact indicator.
Furthermore, the definition of different impact indicators accounts, in a very crude manner, for different
assumptions about the adaptation potential of climate-sensitive systems. This section presents selected
results of the sensitivity analysis for simulated vegetation impacts.

Sensitivity to the source of the climate change projection

Vegetation impacts were determined based on climate change patterns from three different GCMs. Fig-
ure 4.5 indicated a good agreement of the projected vegetation changes at the global level. Figure 4.8
provides additional information by presenting selected impact isoline diagrams based on climate change
patterns from ECHAM4 and HadCM2 that correspond to results for ECHAMS3 shown in Section 4.2.2.

In general, the simulated vegetation impacts differ less between ECHAM4 and HadCM2 than between

ECHAMS3 and either of the other GCMs.
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Figure 4.7: Isoline diagrams for global and regional biome change in protected areas. (a) Multi-regional
isoline diagram for biome change in each biogeographic region and globally averaged. The guardralil
refers to a vegetation change of 20% in the respective region. (b,c) Impact isoline diagrams for biome
change in (b) Nearctis and (c) Australis.
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Figure 4.8: Different impact diagrams for climate change patterns from ECHAM4 (left) and HadCM2
(right). For a legend and comparable results based on ECHAM3 patterns, see (a) Figure 4.6.b, (b) Fig-
ure 4.7.a, and (c) Figure 4.7.c.
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Figure 4.8.a shows that global vegetation responds significantly stronger to the climate change pat-
terns from ECHAM4 and HadCM2 than to the ECHAMS3 patterns (cf. Figure 4.6.bddnstantCO,
concentrations. This observation can be partly explained by the slightly lower continental warming sim-
ulated by the latter GCM. For more plausible scenarios, comprising changes in both climate and CO
concentration, the differences are rather small.

Figure 4.8.b depicts impact isolines for all biogeographic regions. Compared to ECHAMS3 (cf. Fig-
ure 4.7.a), vegetation responds more sensitive to climate anomalies from ECHAM4 and HadCM2 in
Neotropis and Orientalis, and less sensitive in Australis and Aethiopis. In Palaearctis and Nearctis,
vegetation impacts based on climate patterns from ECHAM3 and ECHAM4 agree well, whereas the
sensitivity to the HadCM2 patterns is lower.

Australis shows the largest disagreement in simulated vegetation impacts for different GCM patterns.
The main reason are the large uncertainties in precipitation projections for this region. Figure 4.8.c shows
that vegetation impacts f@ombinedchanges in climate and G@based on the ECHAM4 and HadCM2
patterns) are smaller than those of changes in climate ord&dhe Obviously, the higher water-use
efficiency of plants associated with enhanced,G®els partly compensates for the effects of decreasing
precipitation simulated by these GCMs. Such a compensation effect does not occur for ECHAM3, which
projects increasing precipitation for Australis (cf. Figure 4.7.c).

Sensitivity to the temporal resolution of the climate change patterns

Vegetation impacts were simulated for monthly as well as annually averaged climate change patterns.
In most regions, simulated vegetation impacts for monthly and for annual patterns from ECHAMS are
broadly comparable. The most noticeable exception concerns Australis where less vegetation change is
simulated for seasonally explicit climate anomalies than for annually averaged ones. The major climatic
stress for vegetation in most parts of Australis is low water availability in summer. Since the simulated
warming is lowest and the precipitation increase is strongest in that season, scrubland remains suitable
after the imposition of seasonally explicit climate anomalies in some regions in which it is replaced by
the more drought-tolerant steppe according to the annually averaged climate anomalies.

A similar seasonal signal of climate change, essentially characterized by a stronger warming in win-
ter, causes opposite results in Palaearctis. Because vegetation productivity in Palaearctis is predominantly
limited by low winter temperatures, seasonally explicit climate anomalies induce more widespread veg-
etation changes than annually averaged ones.

Sensitivity to the spatial coverage of the impact assessment

Vegetation impacts were simulated for the protected area, the non-agricultural land area, and the total
land area of a region. At the global level, the results agree well across the three GCM projections used
here (see Table 4.1). The picture changes at the regional level. Protected areas in the low-latitude regions
Orientalis and Neotropis are simulated to be less sensitive to changes in climate andri€éntration

than the total land area for three respectively two out of three GCM projections. In contrast, the high-
latitude regions Nearctis and Palaearctis show more pronounced vegetation changes in protected areas
than in other areas across all GCM patterns. This observation can be explained by the inhomogeneous
distribution of protected areas within biogeographic regions (see Figure 3.8 on p. 90).
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Land surface! Brazil China Germany India Russia SACW USA

ECHAM4
ATMP[°C] +44 441 +4.7 442 434 +64 440 444
APRE [%] 6.9 -39 +12.0 —08 4272 +169  —65 +35
ACLD [%] +12  —05 +0.1 —27 479 421 411 —09
HadCM2
ATMP[°C] 3.9 441 +3.6 2.9 +45 +43  +45 435
APRE [%] +34  —04 +13.1 ~1.8 —163 +123  —6.2 +16.5
ACLD [%] —0.7 =54 0.0 ~14 50 414 486 +58

IAntarctica and Greenland are excluded.
2South African Customs Union; comprises the Republic of South Africa, Namibia, Botswana, Lesotho,
and Swaziland.

Table 4.2: Climate change projections for selected countries and regions. The data refers to the simulated
changes in annual surface temperatdm®lP), precipitation PRE), and cloud cover@LD) in response
to a doubling of the equivalent G@oncentration.

4.3 Climate impact response functions for agricultural crop production

In this section, we present simulation results for agricultural crop production. In contrast to the previous
section, the assessment focusses on a limited number of countries and regions that cover a broad range
of climate regimes and socioeconomic conditions. Table 4.2 shows the selection of countries considered
here together with the simulated change in regional temperature, precipitation, and cloud cover, based
on climate change patterns from ECHAM4 and HadCM2.

The FAO crop suitability model as adapted for IMAGE 2 has been applied in the ICLIPS frame-
work to determine the suitable area and the potential rain-fed production of the 19 most important crops
worldwide (see Section 3.5.3). Various aggregated indicators express the sensitivity of agricultural pro-
duction to climate change under different assumptions for crop switching (see Section 3.5.1). We focus
on the indicator “weighted crop performance”, which describes the response of the currently important
crops within the cultivated area of a country. This indicator duoasallow for crop switching. Hence,
it characterizes the sensitivity of the present cropping pattern to altered climate conditions under rather
pessimistic assumptions. Later, we present results on the “suitable area” for all crops that provide a more
detailed picture of the simulated impacts.

Figure 4.9 shows the globally aggregated simulation results for the chosen indicator, based on climate
projections from ECHAMA4. The simulated changes in temperature, precipitation and cloualioess
lead to slightly decreasing production levels of the currently important crops. If changes in the CO
concentration are also considered, production gains between 5% and 15% compared to the baseline are
simulated for the year 2100 under all scenarios. In other words, the beneficial effects of enhanced CO
levels more than compensate the climate-induced losses. As a result, reasonable impact guardrails at the
global level would not effectively constrain the computation of emission corridors in an inverse analysis
with the ICLIPS model.

Figure 4.10 shows the impact isolines for all countries considered here for one illustrative impact
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Figure 4.9: Impact diagrams for global crop productidreft: Response surface diagraRight: Impact
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Figure 4.10: Impact isoline diagrams for an illustrative impact constraint that limits weighted losses
of current crops to 10%n each country/regionbased on climate projections from ECHAM&f) and
HadCM2 ¢ight).

guardrail. This guardrail corresponds to 90% of the baseline figure, i.e., it limits losses of the production
potential to 10%. The left-hand diagram refers to the ECHAM4 climate projection, and the right-hand
plate is based on the results of HadCM2. According to the model results, Germany and India are the
only countries from our selection where significant reductions of the production potential of currently
important crops must be expected. The illustrative impact constraint is violated in Germany in one or
two of the high-emission SRES scenarios, depending on the applied GCM pattern. Crop-specific results
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Figure 4.11: Impact isoline diagrams for crop production in India, based on climate scenarios from
ECHAMA4 (left) and HadCM2 (ight).

(not presented here) show that it will become difficult to grow certain presently important crops (e.g.,
winter wheat) because the projected temperature increase leads to a disappearance of the required chilling
period.

Crop responses between the two GCM projections differ most significantly for India, which is de-
noted by blue isolines in Figure 4.10. Figure 4.11 shows the impact isoline diagrams for India based
on the climate change patterns from ECHAM4 (left) and HadCM2 (right). The illustrative guardrail is
not crossed in any of the SRES scenarios for the ECHAM4 projection whereas it is violated in all of
them for the HadCM2 results. This difference can be explained by the large discrepancies in the simu-
lated precipitation changes between the two GCMs. In fact, improved projections of future changes in
the Asian monsoon (which determines precipitation in India) due to global climate change and to the
regional climate effects of aerosol emissions are a key concern of current climate modelling efforts.

We now take a closer look at crop-specific results for various regions. Figure 4.12 (top left-hand
diagram) supplements the global simulation results conveyed by the aggregated indicators in Figure 4.9.
The diagram shows the global balance of the suitable area for each crop within the current cultivated
land based on simulations of the two GCMs considered here for the year 2100 of the SRES A1l scenario.
Whereas the area suitable for tropical crops (e.g., tropical maize, cassava) increases on a global scale, a
significant fraction of the current area for temperate crops (e.g., wheat, temperate maize) is projected to
become unsuitable.

The crop-specific results for India depicted in Figure 4.12 (top right-hand diagram) show that the
area suitable for the rain-fed production of rice, the most important staple crop of the country, remains
largely unaffected based on the ECHAM4 patterns yet it decreases about half by the year 2100 based on
the HadCM2 patterns. It is very likely that irrigated rice production, which currently accounts for about
45% of the cultivated area, would suffer as well, given the large decreases in water availability associated
with this climate scenario. For (spring) wheat, the second most important staple crop, we get a different
picture. The simulations for both GCM projections project the suitable area to decrease from about 40%
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Figure 4.12: Area balance diagrams, depicting the suitable area of all crops considered (te: temperate,
tr: tropical) for the baseline climate and for the climate state simulated by ECHAM4 and HadCM2 for
the year 2100 of the SRES A1l marker scenafiop left: All continents. Top right: India. Bottom left:

South African Customs UnionBottom right: Russia. (The suitable area for “Any crop” may be less
than 100% of the cultivated area because the former is determined by the crop model based on rainfed
conditions whereas the latter information includes irrigated areas.)
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to less than 5% by the year 2100. These results are not challenged by the fact that about 80% of the
cultivated area is irrigated because high temperature rather than water scarcity is the limiting factor here.

Figure 4.12 (bottom left-hand diagram) shows results for the South African Customs Union. The
suitable area of all crops is simulated to decrease there. In contrast, Figure 4.12 (bottom right-hand
diagram) indicates that the prospects for Russia’s agriculture may be rather positive. The simulation
results show a significant potential to diversify agricultural production as the current cultivated area
becomes suitable for a wider range of crops. Additional results not presented here exhibit that large
areas may become newly suitable for agriculture, and yields are expected to increase.

In summary, strong positive and negative responses of currently important crops to climatesand CO
change have been simulated for different regions. The responses were robust across the two considered
GCMs at the global level as well as for many countries. Dramatic decreases in the production of sta-
ple crops were simulated for India for one of the two GCM projections. Germany must expect severe
constraints to the production of currently important crops but there is considerable potential for crop
switching. Russian agriculture is likely to be a ‘winner’ of climate change. For the other countries from
our selection, slight increases in the agricultural potential are simulated for the SRES scenarios, mainly
due to the positive effects of enhanced LJd6vels. In any case, interpretations of the simulation results
presented here need to take into account that interannual climate variability, which is much more impor-
tant for the annual crops addressed here than for most natural ecosystems, has not been considered in
this analysis.

4.4 Climate impacts on water availability

The WaterGAP 1.1 model has been applied in the ICLIPS framework to assess the effects of a chang-
ing climate on water availability (see Section 3.5.4). The evaluation of simulated future changes in
water availability as to their socioeconomic consequences requires considerable knowledge about the
affected region. Not even the ‘sign’ of the evaluation is clear from the outset since both decreasing and
increasing runoff may cause adverse impacts on societies. Decreasing runoff may result in insufficient
water available for agriculture, industrial, and domestic use whereas increasing runoff may cause higher
flood frequencies. Of course, the same ambiguity applies to beneficial impacts. In any case, a serious
evaluation of flooding risks would require the application of models with a much higher spatiotemporal
resolution than the one used here.

WaterGAP calculations are based on water basins. As water cannot be easily transferred over basin
boundaries, this is the spatial unit which is most appropriate for water-related analyses. For each country,
a representative basin has been identified, which covers a significant part of the area and the population.

Table 4.3 presents aggregated simulation results of WaterGAP for the same group of countries as in
Section 4.3. The figures reported for each GCM refer to the climate state when AGMT has increased
by 1.6- AT, co, compared to the baseline climate, which corresponds to the maximum level of climate
change considered in the CIRFs presented in previous sections. We refrain from the presentation of
impact diagrams because the simulated relationship between the (normalized) change in AGMT, the
only input variable to the CIRFs for water availability, and the impact indicator is almost linear.

Precipitation change is the most important factor for changes in water availability. In dry regions, a
significant percentage of precipitation is evapotranspirated. This percentage is lower under wet condi-
tions where the dependence of evapotranspiration on precipitation levels off. Consequently, with water
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Country Brazil China Germany India Russia SACU? USA
Basin Amazon Yangtze Rhine Ganges \Volga Oranje Mississippi
Current climate

TMP[°C] 24.7 11.7 8.2 21.4 3.7 17.8 10.4

PRE[mm/a] 2096 1030 936 1088 576 359 T

WA[mm/a] 1047 538 563 360 175 4.9 140
ECHAM4

ATMP[°C] +7.0 +6.2 +74 +5.9 +8.4 +6.3 +74

APRE[%] +10.2  +18.0 -59 +528 +11.0 -—13.0 +7.1

AWA[%] +18.4 +22.9 —-12.6 +107.2 +37.7 4419 +0

WA[mm/a] 1240 661 492 746 241 7.0 140
HadCM2

ATMP[°C] +7.3 +5.5 +5.1 +7.9 +5.3 +7.1 +5.3

APRE[%] +1.4  +21.6 —-3.9 —471 4249 +1.3 +26.2

AWA[%] +04  +31.6 —-8.7 —839 +53.1 -7.1 +72.1

WA[mm/a] 1051 708 514 58 268 4.6 241

1South African Customs Union

Table 4.3: Simulated water availability in the current climate and in a future climate state characterized
by a global mean temperature increase of N\@%xco,, based on two GCM projectiond MP, PRE
andWAdenote annual temperature, precipitation, and water availability. ATkign indicates a change
relative to the current climate.

availability being defined as that part of precipitation which is not evapotranspirated, a percentage change
in precipitation typically leads to an even stronger change in water availability. This effect is obvious in
the results for most countries considered here.

Increasing temperatures lead to higher evapotranspiration rates and, consequently, to a decrease in
water availability. This effect is typically second in importance to precipitation changes. It is clearly
visible in scenarios with minor changes in precipitation, e.g., the ECHAM4 scenario for the Mississippi
basin in the USA. The only region which does not fitinto this picture is the South African Customs Union.
For the ECHAMA4 climate scenario, WaterGAP simulates a slight (in absolute terms) increase in annual
runoff despite decreasing precipitation and increasing temperature. This result can only be explained by
the seasonal characteristics of the ECHAM4 climate change projection. The region is highly sensitive to
changes in the seasonality of precipitation because it has a very low water availability.

WaterGAP simulates increasing water availability in most countries investigated here. India is the
only country from our selection that is threatened with a very large decrease in water availability. Once
again, the results for India are highly sensitive to the choice of the climate scenario. Whereas ECHAM4
simulates a precipitation increase in the Ganges basin of 53%, HadCM2 projects a decrease of 47% for
the same change in AGMT. The corresponding changes in water availability are even more pronounced
(+107% and—84%, respectively). Since the Ganges basin is densely populated and has large irrigated
areas, a strong decrease in water availability (such as projected for the HadCM2 scenario) constitutes a
serious threat to the people in that region.
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4.5 Results of guardrail analyses with the integrated ICLIPS model

This section presents an illustrative guardrail analysis of the integrated ICLIPS model. We show nec-
essary emission corridors based on externally specified constraints referring to climate impacts on ter-
restrial ecosystems, the regional costs of mitigation measures, and the timing of emissions reductions
that also incorporate considerations about intra- and intergenerational equity. Climate impact response
functions based on climate projections derived from ECHAM4 are applied in inverse mode to translate
limits on vegetation change into simultaneous constraints for climate apd@@entration (for details,

see Sections 3.5.2 and 3.6.4).

Natural ecosystems are one of the impact domains explicitly named in Article 2 of the UNFCCC.
The chosen impact indicator denotes the global share of the ice-free land surface in non-agricultural areas
where the current biome becomes unsuitable under changed climate and atmospheric conditions. (Cur-
rent agricultural areas were masked out because their land cover is fully controlled by human activities.)
Although this indicator covers only one feature of potential climate impacts on ecosystems, we regard
the fraction of the land area where ecosystems that have existed for millennia will no longer be feasible
as a useful indicator for considering “dangerous anthropogenic interference with the climate system”
and its implications. Since climate change is but one of the many factors that threaten biodiversity, this
indicator should be regarded as a low estimate of long-term changes in terrestrial ecosystems.

Three main decision variables shape the emission corridor in this analysis. We present here their set-
ting in the ‘default case’. First, thempact constrainassumes that fundamentally transforming more than
35% of the Earth’s ecosystems would constitute an intolerable climate change impact. This is a globally
averaged figure, and as such it ignores the differences in the current areas and the relative ecological
and social importance of different ecosystems yet it is suitable for our illustrative example. Second, the
mitigation cost constrainessumes that mitigation costs exceeding 2% of the per-capita consumption
(relative to the unmitigated reference scenario) of any present or future generation in any region would
be socially unacceptable. The model allows the user to specify different cost limits for different regions,
but for the sake of simplicity, we assume a uniform limit here. It should be noted that there are many un-
resolved issues in the field of emission mitigation costs. Income effects of climate change impacts are not
considered explicitly in the ICLIPS model, which does not attempt to define monetary damage functions.
Third, thetiming constraintmay specify a start year before which no effective emissions reductions take
place. This constraint is not effective in the default case. In a sensitivity analysis, deviations from this
default case are investigated by variations of the three constraints.

Besides the specification of the three normative constraints (‘guardrails’) outlined above, some ad-
ditional assumptions have to be made in a guardrail analysis. The costs of emissions reduction are ex-
pressed with respect to a reference emissions scenario. The ICLIPS aggregated economic model (AEM)
has been calibrated to replicate the IIASA-WEC A2 scenario, which resembles the fossil-fuel-intensive
SRES A1FI scenario. We permit unrestricted trading of emission rights between different regions. For
the purpose of this analysis, a compromise-based allocation of emission rights is assumed to begin with
the status quo (emission rights allocated according to current emissions levels) and to gradually transform
into an equal per-capita entitlement by 2050 (based on the region’s population in the base year 1990).

Whilst energy-related COemissions are modelled endogenously based on the dynamic cost mit-
igation functions contained in AEM, emissions of other gases have to be described or linked to CO
emissions. Emissions of hon-G@reenhouse gases are prescribed until 2100 according to the average
of the four SRES marker scenarios and are kept constant thereaftgrerfi€sions are coupled with



4.5. RESULTS OF GUARDRAIL ANALYSES WITH THE INTEGRATED ICLIPS MODEL 139

Variation of the impact constraint

Maximum regional income loss: 2.0%

24
Max. global
22 ecosystem
— transformation
> 20 50%
o 45%p e
O, 18 40% ------
35%
2 16
S
o 14 Inner structure
= (for 35% limit)
o 12 Max. 2035 =
) Min. 2035 &
o 10 Max. 2065 --a--
3 Min. 2065 —2--
= 8
©
S 6
2 Cost-effective
S 4 emission path —e—
2
0 T T T T T T T T T I
2000 2020 2040 2060 2080 2100

Year

Figure 4.13: Corridors for energy-related GCemissions for the default case and for variations of the
impact constraint. The internal structure is illustrated by emission paths that hit the upper and lower
boundaries of the corridor (the area inside the black borderlines) in selected years.

energy-related CQemissions, assuming a globally averaged desulphurization rate of 1.5% per year. We
note that some of these assumptions may strongly affect the climate change (or impact) target that can
be reached for a given mitigation cost limit.

Figure 4.13 displays (necessary) global carbon emission corridors that result from variations of the
impact constraint. The area bounded by the thick black borderline shows the emission corridor for the
default case. Its internal structure is illustrated by various thin dashed paths (marked with symbols)
that maximize or minimize emissions in a given year. It follows from the conceptual foundations of the
guardrail approach (see Section 2.4.1) that any point within the corridor can be reached by at least one
permitted emission path but an arbitrary path inside the corridor is not necessarily a permitted path. For
example, the upper boundary of the corridor can be reached in 2065 only (by the path marked with full
red triangles) if emissions remain substantially below baseline emissions for several decades in the first
half of the twenty-first century. The cost-effective path (shown by the thin black line with circles), in
contrast, follows the baseline up to about 2040 and then switches to a path of accelerating reduction.
This shift occurs as both autonomous and learning-by-doing types of technological development make
mitigation less expensive. It also reflects the discounting of future mitigation costs.

In order to illustrate the trade-offs between impacts and mitigation costs, the sensitivity of the emis-
sion corridor to variation in the three normative constraints is explored. Figure 4.13 shows emission
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corridors for a range of ecosystem transformation limits from 30% to 50%, thus indicating their sen-
sitivity to variations in the impact constraint. The 30% limit results in a drastically narrower emission
corridor (the green line inside the 35% corridor). No corridor exists for the 25% limit. This suggests that,
given the amount of greenhouse gases already in the atmosphere and the inertia of the climate system, it
is not possible to limit ecosystem transformation to 25% of nonagricultural areas globally by controlling
CO, emissions alone, with the given willingness to pay. Conversely, if the global society were willing to
allow half of the world’s ecosystems to undergo biome changes, the corridor of acceptable carbon emis-
sion paths (red line) would be much wider, permitting higher annual and cumulative emissions. Further
model experiments not reported here revealed that the 25% target could be reached if emissions of all
other greenhouse gases were reduced in line with energy-relatedT®@ implies that it is important

to improve our understanding of the mitigation options of non,@@ses. There is also a non-trivial
trade-off between acidification-related stresses due toe®@issions and high rates of (regional) climate
change due to the fast reduction of such emissions.

In Figure 4.14.a, another set of corridors indicates the sensitivity of the emission policy space to
societies’ willingness to pay for climate change mitigation. The limit to acceptable consumption loss is
varied between 0.3% and 3% for the default case of a 35% maximum ecosystem transformation. These
variations mainly affect the lower boundary of the corridors.

The timing of mitigation action has been the subject of fierce debates in climate policy in recent years.
The effects of delaying emission reductions are also investigated in Figure 4.14.a. If emissions proceed
along the baseline path until 2015, 2025, and 2035 (the gray, brown, and light blue lines, respectively),
while the impact and cost constraints remain those specified for the default case, the implications of
delaying emission reductions are rather modest for the corridor.

Figure 4.14.b shows that setting the limit of ecosystem transformation to 30% leads to much narrower
corridors that are also much more sensitive to variations in the socioeconomic constraints. At least about
1% consumption loss is required to have an open corridor. If emission reductions are postponed until
2015, 2025, and 2035, the resulting corridors (the areas between the equally coloured dashed lines)
become increasingly narrower compared with a situation in which emission reductions are implemented
without delay. The 2035 corridor (delineated by the light blue lines) is a very tight lane of sustained
emission reduction that approaches the maximum rate permitted by the declining-cost technologies and
the emission reduction rate constraint.

In summary, the model results presented here reveal the strong nonlinearity and sensitivity of the
climate policy space to impact constraints such as the transformation of ecosystems. The emission cor-
ridors were found to be much more sensitive to variations in the impact constraint than in the mitigation
cost constraint. The results also disclose the intricate relationships among the numerous decision fac-
tors as they determine how near-term choices foreclose or preserve options for long-term climate policy.
The timing of emission reductions and the mitigation of non,@@eenhouse gases turned out to be
important factors that determine whether ‘ambitious’ impact targets can be achieved at reasonable cost.

We conclude by noting that the guardrail analysis presented in this section proved the applicability of
the CIRFs developed in this thesis for inverse analyses of the climate change problem. Further guardrail
analyses with the ICLIPS model that apply CIRFs for natural vegetation and agricultural crop yield are
presented in Toth et al. (2003a,b).
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Figure 4.14: Corridor for energy-related CQOemissions for the default case and for variations of the
socioeconomic constraints for a (a) 35% and (b) 30% limit of global ecosystem transformation, respec-
tively.
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Chapter 5

Summary and conclusions

This thesis has covered a broad range of issues related to the assessment of climate impacts and their rep-
resentation in an integrated assessment model that implements the guardrail approach to climate change
decision support. Section 5.1 of this concluding chapter summarizes key aspects of the work presented
in the previous chapters. Section 5.2 discusses this work in the context of proposed criteria for good
integrated assessment and gives an outlook into possible future developments.

5.1 Summary

Chapter 1 provided an introduction into the climate change problem. It started with a brief review of the
physics of climate change. The still considerable uncertainty about many aspects of future climate change
has strong implications for climate impact and adaptation assessments and for climate change policy-
making. The uncertainties in global warming projections for the end of tRlec2ftury due to human
choice (in the form of different plausible emission scenarios) and to imperfect scientific understanding
are estimated to have similar magnitude. Scientific uncertainties are larger at finer spatial levels, for
climate variables other than temperature, and for higher-order statistics.

The brief review of expected climate impacts largely followed the structure of the five “reasons
for concern” proposed in the IPCC Third Assessment Report. This classification is based, i.a., on the
spatial characteristics of the considered impacts, on their substitutability, and on their regularity and
predictability.

The discussion on societal response options stressed that the principle options, mitigation of climate
change and adaptation to climate change, differ significantly in their characteristic spatiotemporal scales,
in their comprehensiveness, in the diversity of measures, in the actors involved, and in several other fac-
tors that are important for decision-making. As a result, scientific assessments for mitigation and adapta-
tion typically occur largely independent from each other. The “ultimate objective” of the UNFCCC was
mentioned as an important focal point for science-policy dialogues and for scientific analysis, including
the work presented in this thesis.

Chapter 2 introduced integrated assessment (IA) as a set of activities that combine knowledge from
different scientific disciplines, and possibly from other sources, to arrive at new insights that stakeholders
perceive as useful for their decision-making. Owing to the complexity of the issue, mathematical models
are the principal tools for the integrated assessment of climate change.

143
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The information needs of climate policy decision-makers have initiated a broad range of climate
impact, vulnerability, and adaptation assessments. Key concepts were defined and a hierarchical con-
ceptual framework was presented for structuring these assessments, and for describing the evolution of
the assessment practice and of the underlying theory. Early impact assessments were primarily used to
inform decisions about long-term targets for the mitigation of climate change. The increasing awareness
of the importance of adaptation as a complementary policy strategy to mitigation has been accompanied
by efforts to provide information about future climate impacts that is relevant for adaptation policy. In
particular, climate impact projections, and estimates of the uncertainty in these projections, are required
at spatiotemporal scales that are appropriate for the planning and implementation of adaptation measures.

The main challenges for climate policy decision-making were briefly discussed. Major decision-
analytical frameworks applied in this context were evaluated as to their suitability for guiding policy
decisions about targets and measures for international climate policy in the context of the UNFCCC.
The guardrail approach was identified as particularly useful due to its clear-cut separation of scientific
analysis from normative value judgements and to its openness to non-quantifiable knowledge.

The ICLIPS model was presented as the first integrated assessment model of climate change (IAM)
based on the guardrail approach. Guardrail analyses lead to the problem of dynamic non-uniqueness,
which is treated in the ICLIPS model by using the theories of differential inclusions and optimal control.
Whilst the computation of the full solution of a guardrail analysis is not possible for any realistic repre-
sentation of the coupled climate-society system, interesting partial solutions such as emission corridors
can be determined by solving a number of suitably defined dynamical control problems. Various options
for the consideration of uncertainties in the ICLIPS model were discussed. In the deterministic version
of the guardrail approach implemented in the ICLIPS model, the main options for doing so are sensi-
tivity analysis and the specification of guardrails that purposefully consider current knowledge limits.
The application of more sophisticated techniques such as uncertainty propagation is complicated by the
set-valued nature of typical solutions of a guardrail analysis.

Chapter 3 started with a review of the representation of climate impacts in existing 1AMs that re-
vealed fundamentally different approaches between predictive and optimizing models. The former apply
geographically explicit impact models to determine climate impacts in biophysical units whereas the
latter use highly aggregated monetized damage functions, typically with a prescribed functional form.

The representation of climate impacts in the ICLIPS model faces the challenge of simultaneously
achieving a level of detail that is analogous to predictive models and a level of computational efficiency
that is comparable to the simple damage functions from optimizing models. Climate impact response
functions (CIRFs) were identified as the most appropriate reduced-form representation of climate impacts
in the ICLIPS model. They are derived from a suitably chosen set of simulations with geographically
explicit impact models. The change in global mean temperature, normalized by the equilibrium climate
sensitivity of the emulated GCM, and the €@oncentration link the CIRFs to the ICLIPS climate-
economy model.

Spatially and seasonally explicit climate change scenarios for the impact simulations were con-
structed by scaling climate change patterns derived from forcing experiments with three different gen-
eral circulation models (GCMs). The accuracy of the linear approximation applied in the pattern scaling
technique was shown by applying empirical orthogonal function analysis. A method for superimposing
(scaled) climate change patterns on a historical baseline climatology was further developed that ensures
valid results for bounded climate variables, preserves key characteristics of the climate change signal
simulated by the GCM, and avoids clearly unrealistic climate change projections despite weaknesses in
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the simulation of the current climate by GCMs.

Various aggregated indicators were defined for describing climate impacts on natural vegetation,
crop production potential, and water availability with the aim of providing policy-relevant information
at an aggregation level where climate projections from GCMs can provide useful information. These
indicators were computed by geographically explicit impact models that had already been applied in
(predictive) climate change assessments with the IMAGE model. Impacts are initially determined at the
country level and then aggregated to larger world regions.

CIRFs can be applied to assess climate impacts for specific emission scenarios, to seek for possible
thresholds in the simulated response of a climate-sensitive system, to identify particularly sensitive re-
gions and indicators, and to explore uncertainties from different sources. These analyses are facilitated
by the availability of the ICLIPS Impacts Tool, a graphical user interface that provides convenient access
to more than 100,000 impact diagrams. Various types of impact diagrams give different perspectives on
the high-dimensional result space of the impact simulations performed in ICLIPS. The most important
application of CIRFs in ICLIPS, however, is in inverse mode where they translate impact guardrails spec-
ified in biophysical units into sets of constraints for variables from the ICLIPS climate-economy model.
This translation was made possible by the development of algorithms for the computation of (generally
non-convex) reachable climate domains through solving a number of suitably defined dynamic optimiza-
tion problems, and for the translation of admissible climate windows derived from CIRFs into sets of
parameterized constraints.

Chapter 4 presented selected simulation results of the ICLIPS model. Reachable climate domains
in the two-dimensional space spanned by global mean temperature change aoohCéntration were
determined for different assumptions on future emissions scenarios. The results showed that even for a
fixed climate sensitivity, a particular level of G@oncentration may be accompanied by a wide range
of global mean temperature change, and vice versa. This ambiguity is caused by the variable levels of
non-CQ, greenhouse gases and of aerosols, and by the inertia of the climate system. Further analyses
revealed the importance of constraining the emissions of nonge&nhouse gases (particularly CH
and N,O) for reaching low levels of global climate change.

Regional and global CIRFs for natural vegetation indicate that ecosystems throughout the world are
highly sensitive to the projected changes in climate and atmosphetic Klfural vegetation was mod-
elled to be most sensitive in high-latitude regions where low (winter) temperature is the prime limiting
factor for vegetation growth. At the global scale, wooded tundra and cool conifer forests were simulated
to disappear from (almost) all of their present locations by the end of tHe@itury under business-
as-usual emission scenarios. Other biomes, e.g., tropical woodlands, have the potential to considerably
expand into currently unsuitable regions. In general, impacts agreed well for the climate change patterns
provided by three different GCMs. Considerable discrepancies were found in some regions with a sig-
nificant spread across precipitation projections. The agreement would have been lower if GCMs with
very different climate sensitivities had been used as well.

The CIRFs for agricultural crop production show that the projected climate changes generally have
an adverse impact on the weighted average of the currently important crops. However, for most coun-
tries and climate scenarios considered, these climate-induced losses were compensated by the beneficial
effects of enhanced CQevels. Potentially dangerous results were simulated for certain regions in Asia.
Increasing temperatures, in association with major changes to the monsoon that may be brought about by
the global emissions of greenhouse gases (and/or by the regional emissions of aerosol precursors) could
lead to drastic decreases of the potential to grow current staple crops. One particular analysis investi-
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gated the suitable area for the cultivation of different crops in India under a ‘business-as-usual’ emission
scenario. The temperature increases simulated by all GCMs would make wheat production impossible
almost everywhere by 2100, and the area suitable for rice cultivation could be halved by that time if the

massive precipitation decreases simulated by one of the GCMs actually manifested.

The guardrail approach and its implementation in the ICLIPS model allow long-term emission strate-
gies to be explored under a wide variety of normative concerns that shape the global climate policy de-
bate. CIRFs enable the ICLIPS model to include guardrails for global and regional impacts of climate
change. An analysis was presented that determined global carbon emission corridors subject to con-
straints for global vegetation change, regional mitigation costs, and the timing of emission reductions.
The model results revealed the strong nonlinearity and sensitivity of the climate policy space to the cho-
sen impact constraint. The existence and the shape of the emission corridor turned out to be much more
sensitive to variations in the impact constraint than to the limits on mitigation costs or the timing of
emission reductions.

5.2 Conclusions

A large variety of approaches have been used over the last decade to estimate impacts of climate change
in IAMs, each of which with its own merits and shortcomings. We introduced CIRFs as a convenient
method for summarizing and visualizing the (biophysical) impacts of changes in fundamental indicators
of global climate change on selected climate-sensitive sectors. CIRFs are the most suitable reduced-from
representation of climate impacts in the ICLIPS model, given the requirements posed by the particular
decision-analytical framework applied and by the global scope of the model. In contrast to point es-
timates or functional relationships interpolated from a few points, the CIRFs discussed in this thesis
specify the responses of climate-sensitive sectors across a wide span of plausible patterns of climate
change derived from GCMs and, where relevant,,@0Oncentrations. As a result, they can be used
directly by social actors to assess the risks of climate change, and to impose impact constraints in a
guardrail analysis with the ICLIPS model.

CIRFs cannot resolve the still vast uncertainties that characterize climate impact assessments. Never-
theless, the CIRF approach provides a framework for considering the information available from GCMs
for use with impact models to derive regional assessments. The suitability of CIRFs for inverse analyses
is due to their independence from specific emissions scenarios, their reliance on physically consistent
climate scenarios, and their biophysical foundation. The concise presentation of extensive model re-
sults provided by CIRFs also facilitates comparisons of different sources of uncertainty, such as those
associated with the GCMs, the impact models, etc. Finally, CIRFs can serve as input to other impact
assessment tools for further processing. The availability of the fulls set of CIRFs in the ICLIPS Impacts
Tool makes it also possible to use them independently from the ICLIPS model.

Major limitations of the impacts analysis presented in this thesis are as follows. First, none of the
impact models considers the effect of transient climate changes on the investigated system. However,
the implications of this simplification were limited by choosing impact indicators that focus on the long-
term effects of a certain climate state. Second, the climate scenarios and the impact simulations consider
only the mean climate despite the well-known importance of higher statistical moments for many im-
pact sectors. However, it was shown that the pattern scaling technique and the computation of CIRFs
can easily be extended to consider (at least) interannual climate variability. This path was not explored
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in the ICLIPS project due to the (then) prohibitive computational costs of working with time series of
annual climate statistics rather than with climate means only. Changes in higher moments of climate
variables can be included in the CIRFs if these changes are detectable and significant in GCM forcing
experiments. Third, none of the climate scenarios considered includes the possibility of singular climate
change. However, rather than being a limitation of the CIRFs themselves, this is a feature of the ICLIPS
climate model (and indeed of any deterministic simple climate model). Fourth, the impact indicators
focus on biophysical changes, which are not necessarily the primary concern of policymakers. How-
ever, CIRFs that integrate the biophysical sensitivity with models of socioeconomic vulnerability and
adaptation would typically need to consider detailed climatic, environmental, and socioeconomic infor-
mation that is unlikely to be universally available at a global scale. In any case, the development of such
integrated CIRFs could only be reasonably attempted by analyses with a much higher level of complex-
ity than the one presented here. In addition, the implementation of potentially wide-ranging adaptation
measures should not be silently assumed in guardrail analyses.

Various scholars have suggested that integrated assessment of climate change (IA) needs to address
certain topics, or needs to meet certain criteria. How does the ICLIPS model rate according to these
criteria?

Schneider (1997) presents a hierarchy of five generations of IAMs. According to that hierarchy,
the ICLIPS model combines many aspects from the second generation, a few from the third generation,
and (arguably) one from the fourth generation. From that perspective, it appears not much different
from other existing IAMs. However, it may be argued that the proposed hierarchy, which dates before
the development of the guardrail approach, does not account for the possibility that some of the difficult
tasks ‘reserved’ for higher-generation models may actually be taken over by the model user in a guardrail
analysis. For instance, the explicit consideration of changing value systems which was only mentioned
for the fifth-generation models could, in principle, be explored by the users of the ICLIPS model, based
on their individual perceptions. The checklist of good practices for IA provided in Schneider (1997)
includes, i.a., the clear specification of the limited context of a particular 1A exercise, the discussion
how uncertainty and value-laden judgements are treated, and the ability to include culturally-dependent
components. Recalling the extensive discussion about the guardrail approach and its explicit objective
to separate scientific analysis and value judgements, it may suffice to note here that the ICLIPS model
appears to be a step into the right direction with respect to each of these points.

Morgan et al. (1999) discuss several basic assumptions of conventional policy tools and their validity
with a view to the special features of global change problems. Their list includes the assumptions

e of a single decision-maker (the ‘single commoner’) facing a single problem;

¢ of manageable impacts that can be valued at the margin;

that values are known, static, and exogenously determined;

that decisions should be made on the basis of maximizing expected utility;

that exponential discounting provides an adequate representation of future costs and benefits; and

e that uncertainty is modest and manageable.

These assumptions are (often implicitly) made in conventional tools for policy analysis because they
seem to decrease the complexity of the decision problem by enabling the identification of a unique ‘best’
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policy based on assumedly objective grounds. However, none of these assumppiensetue in the
context of global climate change, and their inappropriate use may cause very misleading results.

The guardrail approach implemented in the ICLIPS model is rather modest in its assumptions. Even
though uncertainty and the diverse perspectives of different decision-makers are important issues in
guardrail analyses, neither of the assumptions mentioned above are actually required. However, the
other side of this coin is a greater ‘burden’ for the designated decision-makers. In the presence of sci-
entific uncertainty or value dependence, the decision must be made by the decisionsitdkaoi the
analyst in a guardrail analysis. Stakeholders who prefer to simply follow the seemingly objective advice
of policy assessments may find this difficult. However, the task of IA cannot be to create certainty out
of uncertainty or objectivity out of subjectivity. Rather, IA should combine and structure the available
knowledge (but not more!) in a way that makes it accessible to decision-makers and enables them to
draw conclusions that are consistent with the available information.

Which steps are conceivable to improve the concept and the application of CIRFs?

First, it was already discussed that CIRFs could be defined to consider the effects of interannual
variability, if this was deemed relevant for the respective impact sector, and if the impact model was
actually calibrated to time series of annual data. Guardrails could then be defined, for instance, with
respect to the return period of certain hazardous events.

Second, if a probabilistic impact model was available for a certain sector (based on either objec-
tive or subjective probability distributions), probabilistic CIRFs could be determined and probabilistic
guardrails be defined analogous to the previous case.

Third, guardrail analyses might focus on certain regions. The CIRFs in ICLIPS were designed to
have global coverage, which required the use of globally applicable impact models. Regionally focussed
CIRFs could use information that is available for specific regions only. The potential for the consideration
of adaptation options in CIRFs is also greater for regionally specific than for global analyses.

Finally, the development of CIRFs in ICLIPS may be regarded as a small step towards a more modu-
lar approach to the integrated assessment of climate change. Current IAMs are usually monolithic blocs
that aim to provide information which meets the perceived needs of a restricted group of stakeholders.
Recognizing the difficulties of building comprehensive IAMs that can be flexibly applied to different
policy questions, it has been suggested that “third-generation” IAMs should be developed in a modular
way (Hulme, 2001). The basic idea of this approach is to flexibly build custom-made integrated assess-
ment ‘models’ in response to specific demands from the policy community by taking suitable model
components ‘from the shelf’, and by linking them appropriately. Jaeger et al. (2002) describe how re-
cent developments in object-oriented software design facilitate the development of modular IAMs. The
overall concept of this “co-productive approach” to IA is explained in Schellnhuber et al. (2003). The
respective community integrated assessment system (CIAS) comprises, on the one hand, a set of relevant
sub-modules with well-defined interfaces developed by different institutions and, on the other hand, var-
ious participants in the science-policy dialogue with well-defined roles denoted as demander, surveyor,
composer, responder, and CIAS operator. In fact, the ICLIPS Impacts Tool is already a part of the ini-
tial CIAS framework, which has been established by the Tyndall Centre for Climate Change Research
together with the the Potsdam Institute for Climate Impact Research.

The ball is in the game. May someone pick it up and take it further!
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