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Modeling impacts and adaptation
in global IAMs

Hans-Martin Fussel*

Integrated assessment models (IAMs) of climate change combine dynamic
descriptions of the energy-economy system, the climate system, and climate
impacts to support the formulation of global, and possibly regional, climate policy.
Originally they have been designed to inform mitigation policy but some of them
are now applied in the context of adaptation policy as well. This article reviews
the modeling of climate impacts and adaptation in global IAMs, including both
models with an economic focus and models with a science focus. Key advances
in the representation of climate impacts in IAMs during the last decade include
improved consideration of differences in impacts across regions, the development
of nonmonetary reduced-form climate impact models, and coupling of global
IAMs with regional and sectoral impact models to assess climate change together
with other sustainability issues. Further advances include a stronger focus on
probabilistic analysis and attempt at considering large-scale climate instabilities.
Adaptation has received only limited attention in global IAMs so far, mostly due
to the mismatch in spatial scales at which mitigation and adaptation decisions are
generally made. Some recent IAMs attempt to identify optimal levels of adaptation
in climate-sensitive sectors or do include adaptation to climate change explicitly
as a decision variable. The main reason for the consideration of adaptation in
global welfare-maximizing IAMs is to assess the sensitivity of mitigation targets to
different assumptions about the magnitude and effectiveness of adaptation. IAMs
with geographically explicit impact models may also provide information that is
useful for adaptation planning. © 2010 John Wiley & Sons, Ltd. WIREs Clim Change 2010 1
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Integrated assessment models (IAMs) of climate
change combine dynamic descriptions of the energy-
economy system, the climate system, and climate
impacts to support the formulation of climate policy.
There is a wide variety of IAMs, which reflect the
diversity of decision contexts in global climate policy
as well as the range of underlying scientific disciplines.
IAMs differ in the extent to use monetary values, the
spatial resolution, the consideration of uncertainty,
and the underlying decision-making framework.
Applications of IAMs can be broadly distin-
guished into policy optimization, policy evaluation,
and policy guidance. Because IAMs have generally
been designed to be applied in one of these decision-
analytical frameworks, it is common to speak of
policy optimization models, policy evaluation models,
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and policy guidance models, respectively. There is,
however, some overlap between these categories, as
witnessed by the application of some policy evaluation
models (e.g., PAGE) and policy guidance models (e.g.,
ICLIPS) in policy optimization mode. Policy opti-
mization models are designed to determine the ‘best’
climate policy as defined by an aggregated welfare
function over time, possibly considering user-specified
climatic constraints. Their complexity is severely
limited by the numerical algorithms used to solve
optimization problems. Furthermore, wide-ranging
subjective assumptions are necessary to aggregate all
consequences of alternative policies in a social welfare
function to be maximized. Policy evaluation mod-
els (also known as simulation models) evaluate the
effects of specific policies on various social, economic,
and environmental parameters. Because these models
are not subject to the computational constraints of
optimizing models, they can include a much higher
level of process and regional detail and provide more
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detailed information on the consequences of alter-
native policies. Policy guidance models determine all
policies that are compatible with a set of subjec-
tively specified constraints (‘guardrails’). Their ability
to consider multiple independent criteria in evaluat-
ing the acceptability of a given policy strategy does
not require the heroic assumptions necessary for for-
mulating an aggregated welfare function in policy
optimization models. Because the algorithms applied
by policy guidance models are similar to those of opti-
mization models, they also require a highly simplified
representation of dynamic system components.

Another important distinction of TAMs is their
degree of spatial detail. Optimizing models either
apply global averages or distinguish a limited number
of geopolitical regions. Most policy evaluation
models, in contrast, determine climate impacts
on a geographical grid (often 0.5° latitude by
0.5° longitude). Some IAMs use different spatial
resolutions in different submodules.

IAM analyses can also be distinguished accord-
ing to their consideration of uncertainty. Deterministic
analyses apply best-guess values for all model param-
eters. The simplest and most common approach
to consider uncertainty is sensitivity analysis where
uncertain parameters are varied one at a time. A
more thorough treatment of uncertainty is through
stochastic simulation, where probability distributions
are specified for several uncertain model parameters
and inputs and the results are determined as a proba-
bility distribution. Some models have been developed
to address uncertainties from the outset, whereas oth-
ers have been modified later to allow for probabilistic
analysis. Finally, adaptive analyses (also known as
sequential decision making under uncertainty) denote
probabilistic applications of optimizing models that
allow for future learning about key scientific or pol-
icy uncertainties. Note that the term ‘adaptive’ in
this context is not related to ‘adaptation to climate
change’.

This article reviews the modeling of climate
impacts and adaptation in global IAMs, focusing on
the development in these areas during the last decade.
Section ‘Review of recent IAMS’ presents the recent
literature on impacts and adaptation in TAMs and
provides an overview of all recent IJAMs. Based on
this overview, Section ‘Modeling of impacts in IAMs’
reviews the development and state of the art of climate
impacts modeling in IAMs, and Section ‘Modeling
of adaptation in IAMs’ reviews the development
and state of the art of adaptation modeling. Section
‘Challenges and opportunities’ discusses possible ways
forward for climate impacts and adaptation modeling
in IAMs. Section ‘Conclusions’ concludes this article.
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REVIEW OF RECENT IAMs

Several reviews of IAMs have been published recently.
For general reviews of IAMs, see Refs 1, 2. About
a decade ago, Tol and Fankhauser’ have reviewed
the modeling of impacts in 18 IAMs that participated
in the Stanford Energy Modeling Forum 14. Their
review discusses the level of spatial detail, the damage
categories considered, the impact metrics, the climatic
and nonclimatic drivers of impacts, the functional
specification and benchmarks of monetized damage
functions, the feedback of impacts on other model
variables, and the representation of adaptation. Yohe*
briefly reviews the representation of impacts in 20
IAMs, including most of the models considered by Tol
and Fankhauser.? Stanton et al.® review 30 climate-
economy models, focusing on the treatment of four
critical issues. They conclude that none of the existing
models incorporates the best practices on all or most
of the questions examined in their review.

Hitz and Smith® survey studies that address
global impacts of climate change as a function of the
increase in global mean temperature (GMT). Their
review includes biophysical modeling studies in sea
level rise, agriculture, water resources, human health,
energy, terrestrial ecosystems productivity, forestry,
biodiversity, and marine ecosystems productivity as
well as the monetized damage functions of three
IAMs. Lecocq and Shalizi’” review the empirical
and theoretical literature on economic growth to
examine how the four components of the climate
change bill, namely mitigation, proactive and reactive
adaptation, and climate impacts affect economic
growth, especially in developing countries. The review
includes nine optimizing IAMs but the focus is on the
feedback of economic damages on future economic
growth rather than on impacts modeling.

de Bruin etal. and Patt etal.®’ review the
consideration of adaptation in IAMs, focussing on
models for intertemporal cost-benefit analysis at a
global scale. The latter article also suggests ways for
an improved treatment of adaptation by considering
more of its bottom-up characteristics. Finally,
Dickinson!® presents a review of different types of
adaptation models. This review includes some global
IAMs, but most of the models are concerned with
the evaluation of regional and/or sectoral adaptation
options.

This article adds to this body of literature by
reviewing recent developments in the modeling of
impacts as well as adaptation in global IAMs. The
review includes all recent IJAMs that allow for the
comparison of mitigation targets and specific impacts
of climate change. The specific criteria for the inclusion
of a model are as follows:
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1. Global coverage:

The model must be global or include various
regions that together cover the whole world.
Models focussing on regional impacts or adap-
tation (e.g., IGEM, CLIMPACTS, CanCLIM,
ReglS2, and other models reviewed in Ref 10)
are not included in the table.

2. Full vertical integration:

The model must include an energy/economy
module, a climate module, and a represen-
tation of climate impacts. Hence, climate-
economy models without explicit representation
of impacts (e.g., most general equilibrium and
cost minimization models reviewed in Ref 5) and
models that only assess the probability of trigger-
ing a specific tipping element (e.g., dimrise!!) are
not included. The same applies to the coupling of
exogenous climate scenarios with sector-specific
impact models (e.g., GIM,'> DIVA,!3 and the
UK “fast-track’ studies'®13).

3. Real-world data:

The model must include quantitative data aimed
at resembling the real world. Purely theoretical
or conceptual models (e.g., ISIS,'® NeDym,!”
and the unnamed partial equilibrium model
presented in Ref 18) are not included.

4. Active development:

The model must have been in active develop-
ment since the review by Tol and Fankhauser.?
Inactive models (e.g., CONNECTICUT, SLICE,
CETA, CSERGE, MARIA, PEF, PGCAM,
DIAM, AS/ExM, FARM, TARGETS, HCRA,
PGCAM) are not included in order to avoid
duplication with Ref 3. In addition, variants of
existing models are only included if the repre-
sentation of impacts and/or adaptation differs
from the earlier model. For instance, PRICE,!’
ENTICE,?? and ENTICE-BR?! are not included
because they apply the original DICE damage
function but AD-DICE is included.

5. Peer-reviewed:

The model must be described in the peer-
reviewed literature. If an earlier model version
is described in a peer-reviewed article, pre-
sentation of the most recent model version in
a working paper or conference proceeding is
considered sufficient.

Note that the requirement for full vertical integration
excludes several models that are regarded as IAMs
in other reviews.>!? Table 1 presents an overview
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of all TAMs that match the criteria above. The letter
‘b> marks those models where an earlier version has
already been reviewed in Refs 3, 4. A detailed review
of these TAMs will be presented in the following
sections.

IMPACTS MODELING IN IAMS

Various approaches have been pursued for repre-
senting climate change impacts in IAMs. The main
representations of impact in IAMs include geograph-
ically explicit biophysical impact models (e.g., for
climate-related yield changes, disease incidence, and
flooding of coastal areas) on the one hand and globally
aggregated or regional monetary damage functions
on the other. Monetary damage functions have been
derived from a combination of case studies for selected
regions or countries (most often the United States),
cross-sectional analysis (i.e., studies that extrapolate
current variations in economic productivity or other
relevant variables across climate zones into the future),
formal expert assessment, and ‘guesstimates’ by the
modeler.

The choice of impact metrics in an IAM is largely
determined by the underlying decision-analytical
framework. Dynamic welfare maximization models,
the most common category of policy optimization
models, require an intertemporal social welfare
function that aggregates all climate impacts across
time, regions, impact domains, and uncertain states
of the world (in stochastic analysis). While climate
impacts do not necessarily have to be monetized
(the welfare function could aggregate monetary
and nonmonetary welfare components), all recent
IAMs based on this framework apply monetary
damage functions. Cost minimization models, another
category of policy optimization models, generally
specify a greenhouse gas concentration target or a
climate stabilization target rather than an impacts
target. One exception concerns the ICLIPS model,
a policy guidance model that has been applied in
cost minimization mode with a biophysical impacts
target. Most climate-economy models based on a
general or partial equilibrium approach do not include
an impacts module. Policy evaluation models can
represent climate impacts in different ways. Most
of them include complex, geographically explicit
impacts models, whereas others apply monetary
damage functions. Policy guidance models require
aggregated but not necessarily monetized impacts for
the specification of guardrails for maximum tolerable
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climate impacts. The only available policy guidance
model refrains from monetizing climate impacts.

Several other impact metrics have been applied
or suggested in the literature. The UK fast-track
assessment> describes climate impacts by the number
of people severely affected (‘millions at risk’), but this
aggregated impact metric has not been taken up by any
IAM. Schneider et al.’® suggested five impact metrics:
monetary loss, loss of life, quality of life, biodiversity
loss, and distribution/equity. Monetary losses are most
widely included in TAMs. Interestingly, even when
IAMs do estimate loss of life from climate change
(e.g., FUND), their developers have chosen to include
these impacts in the monetary damage estimates rather
than reporting mortality figures separately. There has
been some attention to the distributional aspects
of climate impacts across regions in analyses with
FUND’” and GIM,'? whereby the latter is not a
full TAM. Biodiversity loss is difficult to quantify
but several nonoptimizing IAMs have considered
ecosystem transformation, including IMAGE®® and
ICLIPS.47%?

The most recent comprehensive review of
impacts modeling in TAMs is already more than
a decade old.> The IAMs included in that review
differ widely with respect to the damage categories
considered, the measurement unit, and the level
of spatial detail. All optimizing models represented
climate impacts by globally aggregated or regionally
specific monetary damage functions, which represent
climate damages as a fraction of (global or regional)
gross domestic product (GDP). The functional
relationship between climate indicators and (market)
impacts was typically devised by the authors and fit to
a limited number of impact assessments. Despite the
impressive number of optimizing IAMs considered,
monetized impact estimates were found to be ‘based
on a rather narrow set of studies’ and ‘Damage
modules are often not more than ad hoc extrapolations
around the 2*CO, benchmark’.? Table 1 shows that
this characterization largely applies to more recent
IAMs as well.

The damage functions of DICE-2007, AD-DICE,
MERGE 5.1, RICE-2004, WITCH, AD-RICE, and
AD-FAIR are all derived from damage estimates of
Nordhaus and coauthors. They represent climate
damages as a second-order polynomial of the
increase in GMT. The main progress compared
to earlier versions of the DICE/RICE models and
their derivatives is that the recent damage estimates
are based on a broader range of studies, including
more impact assessments outside the United States.
Furthermore, several scholars have modified DICE
to account for large-scale climate instabilities, in

Volume 1, March/April 2010

Modeling impacts and adaptation

particular a breakdown of the thermohaline ocean
circulation (THC).®%¢¢ The damage function of
GRAPE has the same form as that of RICE but applies
somewhat different (and only partly documented)
parameters.>! Although the title of the respective
article suggests that GRAPE addresses adaptation,
this is not actually the case.

The damage functions of FUND 3.3 and
WIAGEM are based on damage estimates by Tol
and coauthors. There are a number of important dif-
ferences between the DICE/RICE and FUND damage
functions. First, climate impacts in DICE/RICE are
driven exclusively by the change in GMT, and a single
damage function attempts to represent climate impacts
on all sectors considered, assuming optimal adapta-
tion. FUND, in contrast, estimates separate damage
functions for the following sectors: water, agriculture
and forestry (including CO; fertilization), energy con-
sumption (space heating and cooling), coasts (wetland
loss, dryland loss, and protection costs), human health
(diarrhoea, vector-borne diseases, cardiovascular, and
respiratory mortality), and settlements and infras-
tructure. These damage functions are based on the
combination and extrapolation of globally compre-
hensive studies using geographically explicit climate
change-based scenarios. Second, climate impacts in
FUND are driven by the level and rate of GMT change,
sea level change, wind storms, river floods (whereby
the last three climate variables are assumed to change
linearly with GMT), and CO, concentration. Third,
most welfare-optimizing IAMs represent climate dam-
ages as losses to income, although many impacts entail
losses in capital stocks and reductions in produc-
tivity. FUND is unusual in that it models damages
as reductions to both consumption and investment.
Fourth, FUND describes health impacts using bio-
physical as well as monetary metrics. Literature-based
estimates on deaths and disease incidence caused by
climate change are converted into monetary damages
based on the per capita income in the affected region.
The functional forms of the relationship between cli-
mate variables and damages in each sector covered by
FUND are largely based on expert judgement by Tol.
FUND has also been applied to consider large-scale
climate instabilities, such as a THC breakdown®” and
a collapse of the West Antarctic ice sheet.®® Further-
more, FUND has been applied to compare the effects
of different weighting schemes for regional impacts on
the total damages from climate change.®’

PAGE2002 is the third widely used TAM that
applies monetized damage functions. In contrast to
DICE/RICE and FUND, PAGE2002 has originally
been developed as a policy evaluation model. More
recently, however, it has also been applied to

© 2010 John Wiley & Sons, Ltd. 293
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FIGURE 1| Global damage functions, as a percentage of global gross domestic product (GDP), derived from different integrated assessment
models (IAMs). Source: (Reprinted with permission from Ref 73. Copyright 2007 Cambridge University Press).

determine ‘optimal’ climate mitigation policies.*!»*2
Climate damages in PAGE2002 depend on the level
and rate of regional rather than global temperature
change to account for the regional cooling effect
of aerosols. The empirical basis comprises impact
studies from the early 1990s, whereby an unspecified
climate discontinuity has been included in PAGE2002.
Because PAGE2002 has been specifically developed
for probabilistic assessment of climate change, all
parameters of the damage function are characterized
by probability distributions rather than single best
estimates.

MiniCAM is distinguished from other optimiz-
ing IAMs because it does not attempt to cover all
major impacts of climate change. MiniCAM can be

coupled to the AgLU model, which calculates bio-
physical and monetized impacts of climate change on
crop yields and forestry. Other climate-sensitive sec-
tors are not mentioned in the most recent description
of MiniCAM,* although they apparently have been
included in earlier model versions.”®

Figure 1 compares monetized global damage
functions from different IAMs. The left-hand diagram
is derived from GIM,'? RICE-99,%¢ and FUND 2.0.%°
The right-hand diagram is from the Stern review,”!
which applied PAGE2002.3° Note that a recent
(unnamed) update of PAGE20024° models even higher
damages from climate change. Figure 2 shows some
of the key factors that influence estimates of the social
costs of carbon (i.e., the marginal damage for an
additional unit of carbon emitted), which is one of the

Values increase with aggregation method changing from

Output weighted.... .. to equity weighte

Factors that decrease

Low climate sensitivity
High adaptive capacity
Perfect foresight
Omission of adrupt change
Short-lived damages
Low value of life
Low ecosystem value
Limited impact coverage
Direct costs only
Limited geographic detail

Social cost of carbon: range of values
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Factors that increase

High climate sensitivity
Low adaptive capacity
Imperfect foresight
Coverage of adrupt change
Enduring damages
High value of life
High ecosystem value
Comprehensive impacts
Indirect & direct costs
High geographic detail

Values increase with decreasing discount rate .
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FIGURE 2 | Factors influencing the
social costs of carbon. Source:
(Reprinted with permission from

Ref 74. Copyright 2007 Cambridge
University Press).
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main applications of IAMs with monetized damage
functions.”?

Some of the limitations of aggregated damage
functions in TAMs include the often arbitrary or
underexplained choice of exponents and other param-
eters and the common representation of damages in
terms of losses to income, not capital.’ Another lim-
itation concerns a seemingly subtle but important
incongruence at the interface between reduced-form
climate models, which estimate the expected tem-
perature change for a given emission scenario, and
damage functions, which report damages for an actual
level of temperature change. Because all damage func-
tions applied in IAMs rise faster than linear (generally
quadratic) with the level of climate change, the dam-
ages for the expected level of temperature change
substantially underestimate the expected damages
from climate change. Further limitations include the
necessity for subjective choices in the aggregation of
climate impacts across time and—in regionalized mod-
els—across space. The latter aggregation often applies
Negishi welfare weights”® that implicitly impose an
assumption that human welfare is more valuable in
richer parts of the world.’

Most policy evaluation models reviewed in Ref 3
(with the exception of PAGE) include complex climate
impact modules driven by gridded climate projections.
This is still the case for many recent policy evalua-
tion IAMs (AIM, IMAGE, and CIAS). These models
simulate geographically explicit impacts of climate
change on a similar range of sectors—water, agricul-
ture, forestry, natural ecosystems, and some of them
also human health and energy demand—driven by
gridded projections of changes in temperature, precip-
itation, cloudiness, and possibly CO, concentration.

AIM is distinguished from the other policy eval-
uation models by two features. First, biophysical
impacts of climate change on agriculture are mon-
etized and used as input to a trade model to assess
higher-order social impacts, in particular on food
security. The combination of crop yield estimates with
trade models has been common in sector-specific cli-
mate impact and adaptation studies but not in IAM:s.
Second, the global AIM model is extended by various
national models (AIM/COUNTRY) that allow assess-
ing the combined impacts of global climate change
and national policies at a much higher resolution than
is possible with a uniform global model.

IGSM2 differs from other policy evaluation
models by its coarser spatial resolution. Whereas the
biosphere module of IGSM1 was applied at the ‘usual’
0.5° by 0.5° resolution, the Global Land System (GLS)
module of the more recent IGSM2 simulates biosphere
and hydrology within 34 latitudinal bands defined
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by the IGSM2 atmosphere dynamics and chemistry
submodel. IGSM2 considers human health but it
focuses on the indirect impacts of climate change
policies via air pollution rather than on the direct
impact of climate change on human health.

The characterization of ICAM in Table 1 has
been taken from Ref 3, because the only description
of its climate impact module available in publications
on ICAM-3 provides insufficient detail: ‘the impact
from climate change is calculated as a function of
temperature change, its rate of increase, an estimate
of the agricultural sector as a fraction of the economy,
and coastal zone damages due to sea level rise’ Ref 53
(p. 476).

The ICLIPS model is the only IAM that
implements the policy guidance approach. It applies
existing biophysical models (notably from IMAGE
2.1 and WaterGAP 1.1) at the ‘usual’ 0.5° by 0.5°
resolution and aggregates their results to climate
impact response functions (CIRFs) defined at the
global level or at the level of geopolitical or ecological
regions. CIRFs represent nonmonetary aggregated
damage functions that can be used to establish
guardrails for climate policy. The ICLIPS model has
also been applied to assess the relationship between
emission pathways and the likelihood of large-scale
climate instabilities, such as a THC breakdown.!!
CIAS differs from the other IAMs by its modular
structure. Rather than being a monolithic model
built by one group, CIAS was developed to provide
a framework that enables the linking of different
modules in a flexible manner. The initial CIAS
version includes ecosystem CIRFs from the ICLIPS
model as well as a global hydrological model. A
related approach is followed by AIM, which includes
20 modules, including modules for regional climate
impacts (AIM/COUNTRY).

The main developments in impacts modeling
since the review by Tol and Fankhauser’ are as
follows:

1. Several IAMs have been applied to consider
large-scale climate instabilities, either by ad
hoc modifications to the damage function
(DICE, FUND, and PAGE) or by coupling
with a dynamic reduced-form model (DICE and
ICLIPS). In contrast, none of the geographically
explicit TAMs considers large-scale climate
instabilities because detailed climate scenarios
of these hypothetical events are not generally
available.

2. An increasing number of IAMs has been applied
for probabilistic assessments using Monte Carlo
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analysis. These studies have determined mon-
etized damage functions that consider climate
change uncertainties, optimal decision policies
considering uncertain damage functions, and
the probability of triggering large-scale climate
instabilities.®36%-7276-81 Monte Carlo analysis is
not currently feasible for geographically explicit
IAMs due to computational constraints.

3. The development of an IAM that implements
the policy guidance approach has motivated the
development of CIRFs, which are nonmonetary
reduced-form impact models.

4. Various efforts have been made to develop mod-
ular TAM systems. The CIAS framework has
been specifically designed to enable the coupling
of modules developed by different groups. Sev-
eral other IAMs have been coupled with global
or regional impact models that are not part of the
‘core’ model (MiniCAM, AIM, and IMAGE).

5. Several recent IAMs consider climate change
in combination with other environmental and
sustainability issues, such as air pollution and
land use (AIM, IMAGE, and IGSM).

6. Several modeling groups have developed
visualization tools that present results of
the geographically explicit climate impact
simulations without the need for running the
full IAM. Examples include the IMAGE User
Support System,?? the ICLIPS Impacts Tool,3?
and AIM/Impact (Country).*’

ADAPTATION MODELING IN IAMS

Adaptation is generally understood as any action
aimed at reducing adverse impacts or exploiting
beneficial impacts of climate change. Adaptation can
reduce many adverse social and economic impacts
from climate change (compared to a hypothetical no-
adaptation case), but it generally comes at a cost.
The potential for human adaptation to prevent or
reduce biophysical changes is much more limited. For
instance, the continued existence of the Great Barrier
Reef cannot be ensured once temperature and ocean
acidity become unsuitable for the key organisms that
it is composed of. Note that the distinction between
human impacts and adaptation is not always clear.
For instance, outmigration from regions at risk from
coastal flooding may be considered as a human impact
by some and as human adaptation by others.
Virtually, all IAMs reviewed by Tol and
Fankhauser? focus on the trade-off between damages
due to climate change and the costs of mitigation.
Adaptation is either ignored or only treated implicitly
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as part of the damage estimate. According to de Bruin
et al.,8 the situation has not evolved much since then,
with the exception of several IAMs codeveloped by the
first author of that study: AD-DICE, AD-RICE, and
AD-FAIR. The situation is not all that bleak, however,
because TAMs with nonmonetary impact metrics were
not considered in this review. Table 1 distinguishes
the following categories for the consideration of
adaptation in IAMs with monetary damage functions
(1-4) and biophysical impact functions (5-7):

1. Implicit: DICE, RICE, MERGE, and WITCH

The DICE model originally based its damage
estimates on Ricardian analysis, using data
from the United States to calculate damages
as a function of the degree of warming,
and then applied that function globally. The
regional version of DICE, RICE, applies on a
region-by-region basis either Ricardian analysis
or a production function approach within a
general equilibrium framework, which again
assumes shifts in production to minimize losses.
Hence, the damage functions of DICE, RICE,
MERGE, and WITCH implicitly assume optimal
adaptation and tend to ignore the costs of
adapting.

2. Induced and optimizing: FUND and WIAGEM

FUND has developed damage functions from a
large number of regional studies, each of which
minimizes losses through adaptation wherever
considered feasible. The reduced-form damage
function for agriculture in FUND represents
adaptation explicitly through transition time
and costs. This is possible because the damage
functions in FUND consider level and rate
of global climate change, whereas those in
DICE/RICE consider only its level. The damage
function for sea level rise in FUND treats
coastal protection as a continuous decision
variable, which is optimized based on a cost-
benefit approach developed by Fankhauser.’4
The assumption of optimal adaptation to sea
level rise has been relaxed in one analysis to
assess the trade-off between adaptation and
mitigation for this sector.’? Adaptation in other
sectors is not modeled explicitly in FUND.

3. Scenario variable: PAGE

PAGE represents adaptation as a scenario
variable by allowing a binary choice between
no adaptation and aggressive adaptation. This
representation is based on the simple assumption
that aggressive adaptation increases the tolerable
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level and rate of climate change and decreases the
residual impacts. The specification of adaptation
is unchanged throughout all model versions up
to and including PAGE2002. A recent review
has suggested that the assumptions regarding the
effectiveness of adaptation in PAGE have been
overly optimistic.”> In response to this critique,
a more recent (unnamed) variant of PAGE2002
makes less optimistic assumptions.*

4. Control variable: AD-DICE, AD-RICE, and
AD-FAIR

AD-DICE, AD-RICE, and AD-FAIR treat adap-
tation explicitly, by considering it as a control
variable. The AD-DICE model separates the
global damage function of DICE-99, which
assumes optimal adaptation, into an adaptation
cost and a residual damage cost component. The
calibration applies assumptions on the fraction
of adaptation costs in total damages and the
level of avoided damages from Ref 85 in the cal-
ibration point of the DICE damage function. A
similar approach is applied for AD-RICE, which
is based on the regional damage functions of
RICE-99. Using these calibrations, adaptation
and mitigation decisions become separable in
AD-DICE and AD-RICE. AD-FAIR applies the
same damage function as AD-RICE.

5. Not applicable: CIAS

Because CIAS is designed to link modules
(including impact modules) flexibly, the inclu-
sion of adaptation is dependent on its represen-
tation in those impacts modules. The original
version of the CIAS model includes CIRFs
from ICLIPS that describe the climate-induced
changes in natural ecosystems. Human adapta-
tion is considered to be largely irrelevant for this
impact domain, as it is impossible to ensure the
continued existence of an ecosystem after the
climate has become unsuitable to sustain it.

6. Rule-based: ICLIPS, MiniCAM, IMAGE, and
IGSM

IAMs with geographically explicit impact mod-
els for human-managed systems generally con-
tain rules that describe how the management
changes (‘adapts’) in response to changing cli-
matic and/or socioeconomic conditions. Agri-
cultural adaptations in ICLIPS are limited to
changes in planting dates, cultivars, and crop
switching (for some aggregated impact indi-
cators only). MiniCAM/AgLU, IMAGE, and
IGSM additionally allow for changes in land
use, some of which have also implications for
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mitigation policy. It is not clear whether other
adaptations, such as changes in fertilizer use and
expansion of irrigation, have been considered by
any of these models.

7. Policy variable: IMAGE and AIM

IMAGE can be applied to assess the combined
effect of climate change and changes in trade
policies on food supply. The national extensions
of AIM/Impact are able assess the interaction
between climate impacts and several national
policies, including water use efficiency improve-
ment, flood mitigation, and land-use change.
As both models consider climate change in the
context of other drivers, including demographic
and socioeconomic change, these ‘adaptation’
policies are not primarily assessed as to their
ability to reduce the impacts of climate change
but to achieve broader sustainability goals.

Two developments in adaptation modeling since
the review by Tol and Fankhauser® are worth
highlighting. First, an approach has been developed to
consider adaptation in policy-optimizing IAMs based
on DICE/RICE. However, wide-ranging assumptions
are required to determine the five parameters of the
residual damage and adaptation cost functions of
AD-DICE, based on the single calibration point of
the original DICE damage function. Second, most
policy evaluation models now consider several policies
that may be regarded as adaptation to climate
change, in particular regarding land allocation, crop
management, international trade, and producers’ and
consumers’ behavior. The treatment of adaptation
in policy-optimizing IAMs with monetary impact
metrics emphasizes those adaptation activities that
are additional and largely separable from current
activities. In contrast, the treatment of adaptation
in policy-evaluating IAMs with nonmonetary impact
metrics emphasizes that climate change is one among
many determinants of human actions, some of which
contribute to successful adaptation to climate change.

CHALLENGES AND OPPORTUNITIES

There are various challenges for modeling climate
impacts in TAMs. Projections of biophysical impacts
are affected by large uncertainties about future climate
change (including potential large-scale climate insta-
bilities and changes in extreme climate events) and
other environmental changes (e.g., land-use change).
Projections of human impacts are additionally affected
by uncertainties about socioeconomic and techno-
logical development, and the adaptive capacity of
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societies. These challenges are due to limitations of
the underlying science, and improved representation
of impacts in IAMs must therefore come primarily
out of disciplinary studies in climate-sensitive sec-
tors. The systematic assessment and communication
of uncertainties associated with specific model simula-
tions should be a key concern for all TAM applications,
particularly those of policy evaluation models.

Even if biophysical and social impacts of
climate change were known with certainty, monetary
impact projections would still be strongly affected by
subjective choices regarding the aggregation of costs
and benefits across time, space, social groups, market
and nonmarket impact categories, and uncertain states
of the world. These choices often dominate the
outcome of the aggregation.”>8¢ The challenge of
aggregation is inherent to policy-optimizing IAMs,
which require the aggregation of all climate impacts
despite the unprecedented spatial and temporal scope
of the climate problem. For a more detailed critique
of the application of aggregated monetary damage
functions for climate change, see Refs 5, 87-91. At
the least, their responsible use requires a ‘traceable
account’ of the main value judgements involved in
the aggregation and an analysis of their sensitivity to
alternative judgements.>®

Adaptation is much more difficult to address
in global IAMs than mitigation, for the following
reasons. First, adaptation is highly localized and it is
very hard for IAMs to capture the diversity of climate
impacts, adaptive capacity, and costs within diverse
regions and countries. Second, adaptation involves
a more diverse range of actors and actions, which
complicates the representation of adaptation in highly
aggregated models. Third, adaptation is more difficult
to separate from current activities, and there is no
common performance indicator. As a result, it is
difficult to determine the costs and effectiveness of
adaptation. Fourth, adaptation is often constrained by
noneconomic factors, including cultural preferences
and the nonoptimal use of information by agents,
which complicates modeling of likely or optimal
adaptation. Finally, mitigation benefits are global,
and mitigation costs can be shared globally through
emissions trading. In contrast, the benefits and costs
of adaptation occur mainly at the local or regional
level, which severely limits the usefulness of globally
aggregated analysis.

For a more detailed discussion of the challenges
and opportunities for modeling adaptation in IAMs, it
is useful to distinguish different purposes for including
adaptation in IAMs:
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Analyzing the trade-off between mitigation
costs, adaptation costs, and residual impacts
(‘modeling adaptation to guide global mitiga-
tion’)

This type of analysis intends to assess alternative
global climate policies by considering the global
costs and benefits of different levels of global
mitigation and adaptation. The results are most
relevant for guiding mitigation efforts, whose
public good characteristics suggest that targets
should be set centrally. Any policy- optimizing
assessment of adaptation and mitigation assess-
ment faces the challenges inherent in monetary
damage functions discussed earlier. In addition,
it must express all adaptation efforts in mon-
etary terms, although many of them represent
nonmarket costs, such as loss of cultural tra-
ditions, and forced changes in social structure
and individual behavior. Given these difficul-
ties, Patt et al.” argue that the most important
question that policy-optimizing [AMs can help
answer is how sensitive the choice of an opti-
mal or appropriate mitigation target is to the
range of potential future adaptations. They note
that varying adaptation between nothing and its
optimal level in AD-DICE moves the optimal
mitigation target from a 22% to a 16% reduc-
tion from baseline emissions by 2100, which is
marginal compared to the range of mitigation
targets that policy makers are currently consid-
ering. The gap between these two mitigation
levels implies that these policy makers either
(implicitly) apply other damage and mitigation
cost functions than DICE-99 or that they do not
choose the mitigation target based on a maxi-
mization of the net benefits of climate policies.
It would be worthwhile to test whether the con-
clusion that different adaptation strategies in
AD-DICE have a relatively limited effect on the
optimal level of mitigation is robust under alter-
native specifications of damage, adaptation, and
mitigation cost functions.

Analyzing the trade-offs between mitigation and
adaptation financing (‘modeling mitigation and
adaptation to guide international adaptation
funding’)

The Kyoto Protocol establishes a link between
mitigation policies and international adapta-
tion financing by using a levy on the Clean
Development Mechanism to provide resources
to the Kyoto Protocol Adaptation Fund. TAMs
can assess international adaptation funding by
comparing the resources raised by alternative
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financing mechanisms with the financial adap-
tation needs determined either exogenously or
endogenously depending on the level of miti-
gation. An analysis with AD-FAIR has found
that current mechanisms for adaptation financ-
ing are clearly inadequate to provide the level
of resources for adaptation to climate change
in developing countries determined by the AD-
RICE adaptation cost functions.3” Such analyses
could be extended by considering the costs of
residual impacts in addition to adaptation costs,
noting that any such cost estimates are highly
controversial.

. Assessing adaptation costs across regions (‘mod-
eling adaptation to guide international adapta-
tion spending’)

IAMs may, in principle, inform the allocation
of resources from a global adaptation fund
across countries by providing information on
their respective adaptation needs. In addition
to the scientific uncertainties regarding regional
climate impacts and corresponding adaptation
needs, however, such an application also raises
important normative issues. First, the adaptation
costs of a country depend crucially on the
level of residual impacts deemed acceptable.
Determining adaptation costs on the basis of
cost-benefit analysis (e.g., as done in FUND for
coastal protection) could result in particularly
unjust outcomes when residual impacts are not
considered. For instance, a poor country that
is relatively easy to protect against sea level
rise could ‘claim’ the costs for full protection
of its coastline, whereas a country that is more
difficult to protect may be left without assistance
if coastal protection is modeled not to be cost
effective there. Second, international support for
adaptation will depend not only on the level of
adaptation costs of a country but also on its
ability to shoulder (part of) these costs.

. Assessing the effects of adaptation on residual
impacts of climate change (‘modeling adaptation
to guide the level of regional adaptation’)

IAMs can, in principle, be applied to assess
the trade-off between adaptation and residual
impacts at the regional level. For example,
FUND has been applied to determine residual
impacts of sea level rise for different levels of
coastal protection. Patt et al.” argue, however,
that policy-optimizing IAMs are unsuitable for
guiding adaptation because of the mismatch
in spatial scale between global models and
local adaptation needs and the irrelevance of

Modeling impacts and adaptation

adaptation targets for the design of efficient
and equitable adaptation policies. Sectoral and
regional models are generally more appropriate
tools to assist the design and prioritization of
regional adaptation measures.

5. Identify good adaptation policies (‘modeling
adaptation to guide the design of adaptation’)
Geographically explicit IAMs can help designing
adaptation strategies by assessing the effective-
ness of proposed adaptation measures in reduc-
ing adverse climate impacts and their interaction
with other policy domains. For instance, land-
use models can analyze the interaction between
shifts in cropping areas (‘adaptation’), potential
increases in bioenergy production (‘mitigation’),
and expansions of protected areas (‘biodiver-
sity protection’), including potential synergies,
areas of conflict, and trade-offs between different
goals. JAMs with nonmonetary representation
of impacts have been coupled to sectoral (e.g.,
IMAGE) or regional (e.g., AIM) impact models,
but many impact domains and adaptation poli-
cies are not currently covered by any IAM. This
coupling approach can combine the strengths of
global IAMs to analyze the relationship between
global mitigation efforts and regional impacts
with those of more detailed models to assess the
relationship between specific regional policies
and residual impacts. Specific model applica-
tions, however, would likely focus either on
mitigation or on adaptation.

6. Identify likely adaptations (‘modeling adapta-
tion to understand the level of adaptation’)
Adaptation modeling in TAMs has been con-
cerned either with determining optimal levels of
adaptation or with assessing alternative adapta-
tion strategies. Models can also be used to under-
stand the likely level and effectiveness of adapta-
tion under different scenarios and assumptions.
Such models would focus on the process of
adaptation, including decision processes, tran-
sition costs, noneconomic constraints, and lag
times.” It is currently not clear, however, how
detailed ‘adaptation process models’ could be
integrated with global IAMs.

CONCLUSION

Climate impact modeling in early IAMs could
largely be distinguished into two categories. Policy-
optimizing models based on a cost-benefit paradigm
applied aggregated monetary damage functions driven
by smooth changes in GMT (dubbed ‘the same, only
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warmer’), whereas policy guidance models applied
geographically explicit biophysical climate impact
models. This characterization is still largely correct but
the picture has become more differentiated recently.
One policy optimization model (FUND) includes bio-
physical representations of some climate impacts, and
several of these models have been modified to con-
sider the possibility of large-scale climate instabilities.
Most recent policy evaluation models consider climate
change in combination with other environmental and
sustainability issues, and they are increasingly coupled
with sectoral and regional impact models to extend
the capabilities of the core model for specific appli-
cations. The only policy guidance model (ICLIPS)
applies nonmonetary reduced-form impact models,
which combine elements of the two earlier model
categories.

The consideration of adaptation also differs sub-
stantially across model categories. Until recently, all
policy-optimizing models implicitly assumed optimal
adaptation in their damage function. Considering
the various noneconomic constraints to adaptation,
these models likely underestimate the full costs of
climate change. This assumption has recently been
relaxed in some IAMs. In particular, AD-DICE and
AD-RICE attempt to separate the residual damage
and adaptation cost functions implicitly contained
in the aggregated damage functions of DICE and
RICE, respectively. Doing so, these models can treat
mitigation and adaptation as separate control vari-
ables. Initial results of AD-DICE suggest that the
optimal mitigation target is rather insensitive to the
explicit consideration of adaptation. FUND has been
applied to investigate the trade-offs between mitiga-
tion and adaptation for the impacts of sea level rise

REFERENCES

1. Hope C. Integrated assessment models. In: Helm D,
ed. Climate Change Policy, chapter 4. Oxford: Oxford
University Press; 2005, 77-98.

2. Fissel H-M, Mastrandrea MD. Integrated assessment
modeling of climate change. In: Schneider S H, Rosen-
cranz A, Mastrandrea M, eds. Climate Change Science
and Policy, chapter 14. Washington, DC: Island Press;
2010, 150-161.

3. Tol RSJ, Fankhauser S. On the representation of impact
in integrated assessment models of climate change. Env-
iron Model Assess 1998, 3:63-74.

4. Yohe GW. The tolerable windows approach: lessons
and limitations. An editorial comment. Clim Change
1999, 41:283-295.

300 © 2010 John Wiley & Sons, Ltd.

wires.wiley.com/climatechange

on coastal zones. The consideration of adaptation in
policy-optimizing models is, however, severely ham-
pered for two reasons that are in addition to the
empirical and normative challenges faced by earlier
policy-optimizing IAMs. First, it is confronted with
large uncertainties about the costs and benefits of
adaptation, where few empirical data is available in
most sectors.”? Second, the separation of efficiency
and equity aspects, that is possible for mitigation
due to its public good characteristics, cannot be
applied to adaptation, which yields mostly local bene-
fits. Considering these challenges, the most promising
way forward appears to be improving the theoretical
understanding of adaptation by means of concep-
tual models (such as those considered in Refs 7,18)
and improving the empirical aspects of adaptation by
a systematic collection of costs and effectiveness of
adaptation measures from bottom-up studies.

Policy evaluation models increasingly consider
management strategies that may be considered as
adaptation to climate change. Their effectiveness in
reducing the impacts of climate change is often difficult
to assess because these management strategies usually
respond to a broad set of environmental and socioe-
conomic conditions rather than to climate change
only. Further coupling of global IAMs with regional
and sectoral models would enable assessing the effects
of various management strategies under different cli-
mate scenarios. Analyses with policy guidance models
may be surprisingly insensitive to the consideration of
adaptation, because impact guardrails have generally
been defined for sectors where human adaptation has
little potential (e.g., transformation of natural ecosys-
tems) or on the basis of large-scale climate instabilities
(e.g., breakdown of the THC).

5. Stanton EA, Ackerman F, Kartha S. Inside the inte-

grated assessment models: four issues in climate eco-
nomics. Clim Dev 2009, 1:166-184.

6. Hitz S, Smith J. Estimating global impacts from climate
change. Glob Environ Change 2004, 14:201-218.

7. Lecocq F, Shalizi Z. How Might Climate Change Affect
Economic Growth in Developing Countries? A Review
of the Growth Literature with a Climate Lens. Policy
Research Working Paper 4315, World Bank, Washing-
ton, DC, 2007.

8. deBruin K, Dellink R, Agrawala S. Economic Aspects of
Adaptation to Climate Change: Integrated Assessment
Modelling of Adaptation Costs and Benefits. OECD
Environment Working Papers No. 6, OECD, 2009.

Volume 1, March/April 2010



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Volume 1, March/April 2010

WIREs Climate Change

Patt AG, van Vuuren DP, Berkhout F, Aaheim A, Hof
AF, et al. Adaptation in integrated assessment model-
ing: where do we stand? Clim Change (accepted).

Dickinson T. The compendium of adaptation models
for climate change: first edition. Toronto: Environment
Canada. 2007. Available at : http://www.prevention
web.net/files/2287_CompendiumofAdaptationModels
forCC.pdf.

Zickfeld K, Bruckner T. Reducing the risk of abrupt
climate change: emissions corridors preserving the
Atlantic thermohaline circulation. Integr Assess 2003,
4:106-115.

Mendelsohn R, Schlesinger M, Williams L. Compar-
ing impacts across climate models. Integr Assess 2000,
1:37-48.

Hinkel J, Klein RJT. Integrating knowledge to assess
coastal vulnerability to sea-level rise: the develop-
ment of the DIVA tool. Glob Environ Change 2009,
19:384-395.

Arnell NW, Cannell MGR, Hulme M, Kovats R S,
Mitchell JFEC, et al. The consequences of CO; stabili-
sation for the impacts of climate change. Clim Change
2002, 53:413-446.

Parry ML, Rosenzweig C, Iglesias A, Livermore M,
Fischer G. Effects of climate change on global food
production under SRES emissions and socio-economic
scenarios. Glob Environ Change 2004, 14:53-67.

Grossmann WD, Magaard L, von Storch H. Using
Economic Change for Adaptation to Climate Risks—A
Modeling Study. Geesthacht: GKSS 2003/3, GKSS;
2003.

Hallegatte S, Hourcade J-C, Dumas P. Why economic
dynamics matter in assessing climate change dam-
ages: illustration on extreme events. Ecol Econ 2007,
62:330-340.

Lecocq F, Shalizi Z. Balancing Expenditures on Mit-
igation of and Adaptation to Climate Change: An
Exploration of Issues Relevant to Developing Coun-
tries. Policy Research Working Paper 4299, World
Bank, Washington, DC, 2007.

Nordhaus WD, Popp D. What is the value of scientific
knowledge? An application to global warming using
the PRICE model. Energy ] 1997, 18:1-45.

Popp D. ENTICE: endogenous technological change in
the DICE model of global warming. | Environ Econ
Manag 2004, 48:742-768.

Popp D. ENTICE-BR: the effects of backstop technol-
ogy R&D on climate policy models. Energy Econ 2006,
28:188-222.

Nordhaus W. A Question of Balance: Weighing the
Options on Global Warming Policies. New Haven, CI:
Yale University Press; 2008.

de Bruin KC, Dellink RB, Tol RS]. AD-DICE: an imple-
mentation of adaptation in the DICE model. Clim
Change 2009, 95:63-81.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

© 2010 John Wiley & Sons, Ltd.

Modeling impacts and adaptation

Manne A, Richels R. The impact of learning-by-doing
on the timing and costs of CO, abatement. Energy
Econ 2004, 26:603-619.

Manne A, Richels R. MERGE: An Integrated Assess-
ment Model for Global Climate Change 2004.
Available at : http://www.stanford.edu/group/ MER GE/
GERAD1.pdf.

Nordhaus W D, Boyer ]J. Warming the World: Eco-
nomic Models of Global Warming. Cambridge, MA:
MIT Press; 2000.

Yang Z, Nordhaus WD. Magnitude and direction of
technological transfers for mitigating GHG emissions.
Energy Econ 2006, 28:730-741.

Bosetti V, Carraro C, Galeotti M, Massetti E, Tavoni
M. WITCH: A World Induced Technical Change
Hybrid Model. Energy ] 2006, 27 (Special Issue
“Hybrid Modelling of Energy Environment Policies:
Reconciling Bottom-up and Top-down”):13-38.

Bosetti V, Massetti E, Tavoni M. The WITCH Model:
Structure, Baseline, Solutions. FEEM Working Paper
No. 10.2007, FEEM, 2007.

Hof AF, de Bruin KC, Dellink RB, den Elzen MG]J, van
Vuuren DP. The effect of different mitigation strategies
on international financing of adaptation. Environ Sci
Policy 2009, 12:832-843.

Kurosawa A, Yagita H, Zhou W, Tokimatsu K, Yanag-
isawa Y. Analysis of carbon emission stabilization
targets and adaptation by integrated assessment model.
Energy ] 1999, 20 (Kyoto Special Issue):157-175.

Tol RSJ. The double trade-off between adaptation
and mitigation for sea level rise: an application
of FUND. Mitigation and Adaptation Strategies for
Global Change 2007, 12:741-753.

Anthoff D, Tol RS]. The Climate Framework for
Uncertainty, Negotiation and Distribution (FUND),
Technical Description, Version 3.3, 2008.

Kemfert C. An integrated assessment model of
economy-energy-climate—the model WIAGEM. Integr
Assess 2002, 3:281-298.

Tol RSJ. Estimates of the damage costs of climate
change. Part II: dynamic estimates. Environ Resour
Econ 2002, 21:135-160.

Roson R, Tol RS]J. An integrated assessment model of

economy-energy-climate—the model Wiagem: a com-
ment. Integr Assess | 2006, 6:75-82.

Kemfert C. An integrated assessment of economy,
energy and climate. The model WIAGEM—a reply
to comment by Roson and Tol. Integr Assess | 2006,
6:45-49.

Hope CW, Anderson J, Wenman P. Policy analysis
of the greenhouse effect—an application of the PAGE
model. Energy Policy 1993, 15:328-338.

Hope C. The marginal impact of CO; from PAGE2002:
an integrated assessment model incorporating the

301



Focus Article

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

S2.

302

IPCC’s five reasons for concern. Integr Assess | 2006,
6:19-56.

Ackerman F, Stanton EA, Hope C, Alberth S. Did the
Stern Review Underestimate U.S. and Global Climate
Damages? Working Paper WP-US-0802, Stockholm
Environment Institute, Stockholm, 2008.

Hope C. Optimal carbon emissions and the social cost
of carbon over time under uncertainty. Integr Assess |
2008, 8:107-122.

Hope C. How deep should the deep cuts be? Opti-
mal CO, emissions over time under uncertainty. Clim
Policy 2009, 9:3-8.

Brenkert AL, Smith SJ, Kim SH, Pitcher HM. Model
Documentation for the MiniCAM. Technical Report
PNNL-14337, Pacific Northwest National Laboratory,
College Park, MD, 2003.

Sands RD, Leimbach M. Modeling agriculture and
land use in an integrated assessment framework. Clim
Change 2003, 56:185-210.

Kainuma M, Matsuoka Y, Morita T., eds. Climate
Policy Assessment: Asia-Pacific Integrated Modeling.
Tokyo: Springer; 2003.

Bouwman AF, Kram T, Klein Goldewijk K, eds. Inte-
grated Modeling of Global Environmental Change.
Bilthoven: Netherlands Environmental Assessment
Agency (MNP); 2006.

Toth FL, Bruckner T, Fussel H-M, Leimbach M,
Petschel-Held G, et al. Exploring options for global cli-
mate policy: a new analytical framework. Environment
2002, 44:22-34.

Toth FL, Bruckner T, Fiissel H-M, Leimbach M,
Petschel-Held G. Integrated assessment of long-term
climate policies: part 1—model presentation. Clim
Change 2003, 56:37-56.

Fissel H-M, Toth FL, van Minnen JG, Kaspar F.
Climate impact response functions as impact tools in
the tolerable windows approach. Clim Change 2003,
56:91-117.

Warren R, de la Nava Santos S, Arnell NW, Bane
M, Barker T, et al. Development and illustrative out-
puts of the Community Integrated Assessment System
(CIAS), a multi-institutional modular integrated assess-
ment approach for modelling climate change. Environ
Model Software 2008, 23:592-610.

Sokolov AP, Schlosser CA, Dutkiewicz S, Paltsev S,
Kicklighter DW, et al. The MIT Integrated Global Sys-
tem Model (IGSM) Version 2: Model Description and
Baseline Evaluation. Report No. 124, MIT Joint Pro-
gram on the Science and Policy of Global Change,
Cambridge, MA, 2005.

Schlosser C A, Sokolov AP, Kicklighter DW. A Global
Land System Framework for Integrated Climate-
Change Assessments. Report No. 147, MIT Joint
Program on the Science and Policy of Global Change,
Cambridge, MA, 2007.

© 2010 John Wiley & Sons, Ltd.

53.

54.

55.

S6.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

wires.wiley.com/climatechange

Dowlatabadi H. Sensitivity of climate change mitiga-
tion estimates ot assumptions about technical change.
Energy Econ 1998, 20:473-493.

Dowlatabadi H. Bumping against a gas ceiling. Clim
Change 2000, 46:391-407.

Parry M, Arnell N, McMichael T, Nicholls R, Martens
P, etal. Millions at risk: defining critical climate
change threats and targets. Glob Environ Change 2001,
11:181-183.

Schneider SH, Kuntz-Duriseti K, Azar C. Costing non—-
linearities, surprises, and irreversible events. Pac Asian
J Energy 2000, 10:81-106.

Tol RSJ, Verheyen R. State responsibility and compen-
sation for climate change damages—a legal and eco-
nomic assessment. Energy Policy 2004, 32:1109-1130.

Alcamo J, Kreileman E. Emission scenarios and global
climate protection. In: Alcamo J, Leemans R, Kreileman
E, eds. Global Change Scenarios of the 21st Century.
Results from the IMAGE 2.1 Model. Oxford: Perga-
mon Press; 1998, 163-192.

Fussel H-M, van Minnen JG. Climate impact response
functions for terrestrial ecosystems. Integr Assess 2001,
2:183-197.

Gjerde J, Grepperud S, Kverndokk S. Optimal climate
policy under the possibility of a catastrophe. Resour
Energy Econ 1999, 21:289-317.

Roughgarden T, Schneider SH. Climate change pol-
icy: quantifying uncertainties for damages and optimal
carbon taxes. Environment 1999, 27:415-429.

Keller K, Tan K, Morel FMM, Bradford DF. Preserving
the ocean circulation: implications for climate policy.
Clim Change 2000, 47:17-43.

Mastrandrea MD, Schneider SH. Integrated assess-
ment of abrupt climatic changes. Clim Policy 2001,
1:433-449.

Azar C, Lindgren K. Catastrophic events and stochastic
cost-benefit analysis of climate change. Clim Change
2003, 56:245-2585.

Keller K, Bolker BM, Bradford DF. Uncertain climate
thresholds and optimal economic growth. | Environ
Econ Manag 2004, 48:723-741.

Yohe G, Schlesinger ME, Andronova NG. Reducing
the risk of a collapse of the Atlantic thermohaline
circulation. Integr Assess | 2006, 6:57-73.

Link PM, Tol RS]J. Possible economic impacts of a shut-
down of the thermohaline circulation: an application
of FUND. Portuguese Econ | 2004, 3:99-114.

Nicholls R, Tol R, Vafeidis A. Global estimates of the
impact of a collapse of the West Antarctic ice sheet: an
application of FUND. Clim Change 2008,91:171-191.

Anthoff D, Hepburn C, Tol RSJ. Equity weighting and
the marginal damage costs of climate change. Ecol Econ
2009, 68:836-849.

Volume 1, March/April 2010



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Volume 1, March/April 2010

WIREs Climate Change

Edmonds J, Wise M, Pitcher H, Richels P, Wigley T,
et al. An integrated assessment of climate change and
the accelerated introduction of advanced energy tech-
nologies: an application of MiniCAM 1.0. Mitigation
and Adaptation Strategies for Global Change 1996,
1:311-319.

Stern N. The Economics of Climate Change: The Stern
Review. Cambridge, UK: Cambridge University Press;
2007.

Downing TE, Anthoff D, Butterfield R, Ceronsky M,
Grubb M, et al. Social Cost of Carbon: A Closer Look
at Uncertainty. London: DEFRA; 2005.

Yohe GW, Lasco RD. Perspectives on climate change
and sustainability. In: IPCC, ed. Climate Change 2007:
Climate Change Impacts, Adaptation, and Vulnerabil-
ity, chapter 20. Cambridge, UK: Cambridge University
Press; 2007, 811-841.

Fisher B, Nakicenovic N. Issues related to mitiga-
tion in the long-term context. In: IPCC, ed. Climate
Change 2007: Mitigation of Climate Change, chapter
3. Cambridge, UK: Cambridge University Press; 2007,
169-250.

Negishi T. General Equilibrium Theory and Interna-
tional Trade. Amsterdam: North-Holland; 1972.

Wright EL, Erickson JD. Incorporating catastrophes
into integrated assessment: science, impacts, and adap-
tation. Clim Change 2003, 57:265-286.

O’Neill B, Oppenheimer M. Climate change impacts
are sensitive to the concentration stabilization path.
Proc Natl Acad Sci 2004, 101:16411-16416.

Yohe G, Andronova N, Schlesinger M. To hedge or
not against an uncertain climate future. Science 2004,
306:416-417.

Mastrandrea MD, Schneider SH. Probabilistic inte-
grated assessment of ‘“dangerous” climate change.
Science 2004, 304:571-575.

Mastrandrea M D, Schneider SH. Probabilistic assess-
ment of “dangerous” climate change and emissions sce-
narios. Proc Natl Acad Sci 2005, 102:15728-15735.
Mclnerney D, Keller K. Economically optimal risk

reduction strategies in the face of uncertain climate
thresholds. Clim Change 2008, 91:29-41.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

© 2010 John Wiley & Sons, Ltd.

Modeling impacts and adaptation

Leemans R, Kreileman E, Zuidema G, Alcamo J, Berk
M, etal. The IMAGE User Support System. Global
Change Scenarios from IMAGE 2.1. RIVM rapport
481508006 (CD ROM only), 1998.

Fuissel H-M. The ICLIPS impacts tool: a graphical user
interface to climate impact response functions for inte-
grated assessments of climate change. Integr Assess
2003, 4:116-125.

Fankhauser S. Protection vs. retreat—the economic
costs of sea level rise. Environ Plann A 1994,
27:299-319.

Tol RSJ, Fankhauser S, Smith JB. The scope for adap-
tation to climate change: what can we learn from
the impact literature? Glob Environ Change 1998,
8:109-123.

Azar C. Are optimal CO; emissions really opti-
mal?>—four critical issues for economists in the green-
house. Environ Resour Econ 1998, 11:1-15.

Schneider SH. Integrated assessment modeling of global
climate change: transparent rational tool for policy
making or opaque screen hiding value-laden assump-
tions. Environ Model Assess 1997, 2:229-249.

Smith JB, Schellnhuber H-J, Mirza MMQ. Vulnerabil-
ity to climate change and reasons for concern: a synthe-
sis. In: McCarthy JJ, Canziani OF, Leary NA, Dokken
D], White KS, eds. Climate Change 2001: Impacts,
Adaptation and Vulnerability, chapter 19. Cambridge:
Cambridge University Press; 2001, 913-967.

Kuntz-Duriseti K. Evaluating the economic value of the
precautionary principle: using cost benefit analysis to
place a value on precaution. Environ Sci Policy 2004,
7:291-301.

Hall DC, Behl R]. Integrating economic analysis and
the science of climate instability. Ecol Econ 2006,
57:442-465.

Jaeger C, Schellnhuber H-J, Brovkin V. Stern’s review
and Adam’s fallacy. Clim Change 2008, 89:207-218.

Agrawala S, Fankhauser S, eds. Economic Aspects of
Adaptation to Climate Change: Costs, Benefits and
Policy Instruments. Paris: OECD; 2008.

303



