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a b s t r a c t

The present paper draws on climate science and the philosophy of science in order to evaluate climate-

model-based approaches to assessing climate projections. We analyze the difficulties that arise in such

assessment and outline criteria of adequacy for approaches to it. In addition, we offer a critical overview

of the approaches used in the IPCC working group one fourth report, including the confidence building,

Bayesian and likelihood approaches. Finally, we consider approaches that do not feature in the IPCC

reports, including three approaches drawn from the philosophy of science. We find that all available

approaches face substantial challenges, with IPCC approaches having as a primary source of difficulty

their goal of providing probabilistic assessments.
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1. Introduction

The climate system is the system of processes that underlie the
behavior of atmospheric, oceanic and cryospheric phenomena such
as atmospheric temperature, precipitation, sea-ice extent and
ocean salinity. Climate models are designed to simulate the
seasonal and longer term behavior of the climate system. They
are mathematical, computer implemented representations that
comprise two kinds of elements. They comprise basic physical
theory—e.g., conservation principles such as conservation of
momentum and heat—that is used explicitly to describe the
evolution of some physical quantities—e.g., temperature, wind
velocity and properties of water vapor. Climate models also
comprise parameterizations. Parameterizations are substitutes for
explicit representations of physical processes, substitutes that are
used where lack of knowledge and/or limitations in computational
resources make explicit representation impossible. Individual
cloud formation, for example, typically occurs on a scale that is
much smaller than global climate model (GCM) resolution and

thus cannot be explicitly resolved. Instead, parameterizations
capturing assumed relationships between model grid-average
quantities and cloud properties are used.

The basic theory of a climate model can be formulated using
equations for the time derivatives of the model’s state vector
variables, xi, i¼1,y,n, as is schematically represented by

@xi

@t
¼ Fiðx1. . .xn,y1,. . .,yn,tÞþGiðtÞ ð1Þ

In Eq. (1), t denotes time, the Gi represent external forcing
factors and how these function together to change the state
vector quantities, and the Fi represent the many physical, chemi-
cal and biological factors in the climate system and how these
function together to change the state vector quantities. External
forcing factors—e.g., greenhouse gas concentrations, solar irradi-
ance strength, anthropogenic aerosol concentrations and volcanic
aerosol optical depth—are factors that might affect the climate
system but that are, or are treated as being, external to this
system.

The xi represent those quantities the evolution of which is
explicitly described by basic theory, that is the evolution of
which is captured by partial time derivatives. The yi represent
quantities that are not explicitly described by basic theory. So
these variables must be treated as functions of the xi, i.e., the yi

must be parameterized. In this case, the parameterizations are
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schematically represented in Eq. (2).

yi ¼Hiðx1,. . .,xnÞ ð2Þ

Given initial conditions xi(t0) at time t¼t0 and boundary condi-
tions, the climate model calculates values of the state vector at a
later time t¼t1 in accordance with Eq. (1).

Climate models play an essential role in identifying the causes
of climate change (Fig. 1) and in generating projections. Projec-
tions are conditional predictions of climatic quantities. Each
projection tells us how one or more such quantities would evolve
were external forcing to be at certain levels in the future. Some
approaches to assessing projections derive projections, and assess
their quality, at least partly independently of climate models.
They might, for example, use observations to decide how to
extend simulations of present climate into the future (Stott
et al., 2006) or derive projections from, and assess them on the
basis of, observations (Bentley, 2010; Siddall et al., 2010). We
focus on climate-model-based assessment. Such assessment is of
the projections of one or more climate models and is assessment
in which how good models are in some respect or another is used
to determine projection quality. A climate model projection
(CMP) quality is a qualitative or quantitative measure, such as a
probability, that is indicative of what we should suppose about
CMP accuracy.

It is well recognized within the climate science community
that climate-model-based assessment of projection quality needs
to take into account the effects of climate model limitations on
projection accuracy (Randall et al., 2007; Smith, 2006; Stainforth,
Allen, Tredger, & Smith, 2007). Following Smith (2006) and
Stainforth, Allen et al. (2007), we distinguish between the
following main types of climate model limitations:

(a) External forcing inaccuracy—inaccuracy in a model’s repre-
sentation of external forcing, that is in the Gi in Eq. (1).

(b) Initial condition inaccuracy—inaccuracy in the data used to
initialize climate model simulations, that is in the xi(t0).

(c) Model imperfection—limitations in a model’s representation
of the climate system or in our knowledge of how to construct
this representation, including:
1. Model parameterization limitations—limitations in our

knowledge of what the optimal or the appropriate para-
meter values and parameterization schemes for a model
are. This amounts, in the special case where parameteriza-
tions are captured by Eq. (2), to limitations in our knowl-
edge of which functions Hi one should include from among
available alternatives.

2. Structural inadequacy—inaccuracy in how a model repre-
sents the climate system which cannot be compensated for
by resetting model parameters or replacing model para-
meterizations with other available parameterization
schemes. Structural inaccuracy in Eq. (1) is manifested in
an insufficient number of variables xi and yi as well as in
the need for new functions of these variables.

Parameterization limitations are illustrated by the enduring
uncertainty about climate sensitivity and associated model para-
meters and parameterization schemes. A relatively recent review
of climate sensitivity estimates underscores the limited ability to
determine its upper bound as well as the persistent difficulty in
narrowing its likely range beyond 2–4.5 1C (Knutti & Hegerl,
2008). The 21 GCMs used by Working Group One of the IPCC
fourth report (WG1 AR4) illustrate structural inadequacy. These
sophisticated models are the models of the World Climate
Research Programme’s Coupled Model Intercomparison Project
phase 3 (CMIP3) (Meehl, Covey et al., 2007). Some important sub-
grid and larger than grid phenomena that are relevant to the

evolution of the climate system are not accurately represented by
these models, some are only represented by a few of the models
and some are not represented at all. Parameterization of cloud
formation, for example, is such that even the best available
parameterizations suffer from substantial limitations (Randall,
Khairoutdinov, Arakawa, & Grabowski, 2003). None of the models
represent the carbon cycle, only some represent the indirect
aerosol effect and only two represent stratospheric chemistry
(CMIP3, 2007). The models also omit many of the important
effects of land use change (Mahmood et al., 2010; Pielke, 2005).
Many of their limitations, e.g., the limited ability to represent
surface heat fluxes as well as sea ice distribution and seasonal
changes, are the result of a combination of structural inadequacy
and parameterization limitations (Randall et al., 2007, p. 616).
CMIP3 simulations illustrate initial condition inaccuracy. Due to
constraints of computational power and to limited observations,
these simulations start from selected points of control integra-
tions rather than from actual observations of historical climate
(Hurrell et al., 2009).

The most ambitious assessments of projection quality, and
these are primarily climate-model-based assessments, are those
of WG1. The first three WG1 reports rely primarily on the climate-
model-based approach that we will call the confidence building
approach. This is an informal approach that aims to establish
confidence in models, and thereby in their projections, by appeal-
ing to models’ physical basis and success at representing
observed and past climate. In the first two reports, however, no
uniform view about what confidence in models teaches about
CMP quality is adopted (IPCC, 1990, 1996). The summary for
policymakers in the WG1 contribution to the IPCC first
assessment report, for example, qualifies projections using
diverse phrases such as ‘we predict that’, ‘confidence is low that’
and ‘it is likely that’ (IPCC, 1990). A more systematic view
is found in WG1’s contribution to the third IPCC assessment
report (WG1 TAR). It made use of a guidance note to authors
which recommends that main results be qualified by degrees of
confidence that are calibrated to probability ranges (Moss &
Schneider, 2000). The summary for policymakers provided by
WG1 TAR does assign projections such degrees of confidence. It
expresses degrees of confidence as degrees of likelihood and
takes, e.g., ‘very likely’ to mean having a chance between 90%
and 99%, and ‘likely’ to mean having a chance between 66% and
90%. The chapter on projections of future climate change, how-
ever, defines degrees of confidence in terms of agreement
between models. A very likely projection, for example, is defined
(roughly) as one that is physically plausible and is agreed upon by
all models used (IPCC, 2001).

WG1 AR4’s assessment of projection quality has two stages.
First, confidence in models is established as in previous reports.
This is mostly achieved in Chapter 8—which describes, among
other things, successful simulations of natural variability
(Randall et al., 2007)—and in chapter 9—which focuses on
identifying the causes of climate change, but also characterizes
model successes at simulating 20th century climate change
(Hegerl et al., 2007). The second stage is carried out in
Chapter 10—which provides WG1 AR4’s global projections
(Meehl, Stocker et al., 2007)—and Chapter 11—which focuses
on regional projections (Christensen et al., 2007). In these chap-
ters, expert judgment is used to assign qualities to projections
given established confidence in models and the results of formal,
probabilistic projection assessment (Meehl, Stocker et al., 2007).
WG1 AR4 is the first WG1 report that makes extensive use of
formal assessment, though it recognizes that such approaches
are in their infancy (Christensen et al., 2007; Randall et al.,
2007). Both climate-model-based and partly climate-model-
independent formal approaches are used.
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