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Abstract: Climate sensitivity is defined as the change in global mean equilibrium temperature
after a doubling of atmospheric CO, concentration and provides a simple measure of global
warming. An early estimate of climate sensitivity, 1.5-4.5°C, has changed little subsequently,
including the latest assessment by the Intergovernmental Panel on Climate Change. The
persistence of such large uncertainties in this simple measure casts doubt on our understanding
of the mechanisms of climate change and our ability to predict the response of the climate system
to future perturbations. This has motivated continued attempts to constrain the range with
climate data, alone or in conjunction with models. The majority of studies use data from the
instrumental period (post-1850), but recent work has made use of information about the large
climate changes experienced in the geological past. In this review, we first outline approaches
that estimate climate sensitivity using instrumental climate observations and then summarize
attempts to use the record of climate change on geological timescales. We examine the limitations
of these studies and suggest ways in which the power of the palaeoclimate record could be better
used to reduce uncertainties in our predictions of climate sensitivity.
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I Introduction

The concentration of greenhouse gases
(CO,, CH,, etc.) in the atmosphere has
increased substantially during recent decades
and is likely to continue increasing in the

future. Predictions of how these changes
will affect climate are highly uncertain, in
part because of uncertainties in how much
of the CO, will be taken up by the ocean,
in part because of imperfect knowledge of
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the terrestrial carbon cycle but most im-
portantly because of uncertainties in the
sensitivity of the climate system to change.
The effects of increasing greenhouse gas
(GHG) concentrations include changes in
temperature, precipitation, cloudiness and
the frequency of extreme events; changes
occur regionally and seasonally and affect
short-term climate variability (the chaotic
behaviour of climate over timescales of a few
years). A simple metric is required to sum-
marize our understanding of future change.

Climate sensitivity is such a metric,
defined as the change in average global tem-
perature after atmospheric CO, concentra-
tion is doubled and equilibrium is reached
(Schlesinger and Mitchell, 1987). This defin-
ition as the equilibrium response distinguishes
climate sensitivity from the time-dependent,
or ‘transient’, response of the climate system
(see for example Collins et al., 2006; Harris
etal., 2006).

The first estimate of climate sensitivity
was made over a century ago by Svante
Arrhenius who made, in his own words,
‘tedious calculations’ of the atmospheric
temperature change with a doubling of
CO, concentration at various latitudes
(Arrhenius, 1896). However, the issue of esti-
mating climate sensitivity was not revisited
until the development of atmospheric gen-
eral circulation models (GCMs) during the
1960s and 1970s (eg, Manabe and Wetherald,
1967, 1975) and the necessary computing
power for these models.

Predictions of climate sensitivity from
multiple atmospheric GCMs made in the
1970s and summarized in a report by the
National Academy of Sciences (NAS) indi-
cated values between 1.5-4.5°C (Charney,
1979). Twenty years later, the IPCC Third
Assessment Report presented estimates
of climate sensitivity based on more sophi-
sticated coupled ocean-atmosphere GCMs
in the range 2-5.1°C, but concluded with
the statement that the NAS range ‘encom-
passes the estimates from the current models
in active use’ (IPCC, 2001). The most recent

[PCC assessment, published this year, con-
cludes that climate sensitivity is ‘likely to be in
the range 2 to 4.5°C with a best estimate of
about 3°C, and is very unlikely to be less than
1.5°C’, where ‘likely’ is defined as greater than
about 66% probability and ‘very unlikely’ as
less than about 10% probability (IPCC, 2007).

The persistence of such large uncertainties
in the estimation of climate sensitivity poses
serious problems. Attempts to plan for and
adapt to possible future climate change are
crucially dependent on knowing the mag-
nitude of that change, which in turn is de-
pendent on the sensitivity of the system.
This motivates the current drive to constrain
climate sensitivity either by narrowing
the range of estimates or by quantifying
the probability that climate sensitivity lies
within a given range. Better-constrained
estimates of climate sensitivity also under-
pin the reliability of predictions of climate
variables other than temperature, changes
in climate extremes, and regional climate
change.

Most attempts to constrain the range of
climate sensitivity have focused on climate
changes during the recent past, making use
of climate observations, alone or in conjunc-
tion with models. However, the changes in
global temperature during the historic period
(post-1850) are relatively small compared
with the change that might be produced by
a doubling of CO,. More recently, attempts
have been made to constrain climate sensiti-
vity using information about the large climate
changes experienced in the geological past,
including times when temperature and CO,
concentration were both higher and lower
than the present day. In this review, we out-
line approaches based on historical climate
observations since the IPCC Third Assess-
ment Report in 2001, and then summarize
attempts to use the record of climate change
on geological timescales. We examine the
limitations of these studies and suggest ways
in which the power of the palaeoclimate record
could be better used to reduce uncertainties
in our prediction of the future.
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II The feedback parameter

A forcing, broadly speaking, is something
that perturbs the radiative equilibrium of
the atmosphere: for example, an increase in
greenhouse gases (GHGs) that decreases
the amount of longwave radiation emitted
to space and thus warms the Earth. Other
forcings include changes in incoming solar
radiation (insolation), ice-sheet extent, and
atmospheric levels of sulphate particles (from
industrial emissions or volcanic eruptions) or
black-carbon particles (from industrial emis-
sions or natural fires). A forcing pushes the
climate into a warmer or cooler state; this
change in state is known as the temperature
response. Depending on the size and type of
forcing, it may take thousands of years for
the climate to come into equilibrium. Forcings
are measured in Watts per metre squared
(Wm™2) and can be defined in various ways
(Hansen et al., 1997).

The climate’s response to a forcing is com-
plicated by the presence of feedbacks, which
can amplify or reduce the temperature change.
The melting of ice at the poles in response to
atmospheric warming produces a positive
feedback: the surface albedo (reflectivity)
decreases, which decreases the amount of
radiation reflected back to space, and so the
initial warming is amplified. Some compon-
ents of the climate system, such as dust or
clouds, can produce either positive or negative
feedbacks depending on their location and
internal characteristics. Low, white clouds
have a high albedo so they reflect solar radi-
ation back to space, which has a cooling effect;
high, dark clouds trap and re-emit radiation
emitted from the Earth, which has a warming
effect.

The distinction between forcing and
feedback depends on the timescale under
consideration, and how it compares with the
response times of the different components
of the climate system. The response of polar
ice sheets to insolation changes, for example,
which is slow compared with the response
of the atmosphere, can be considered as a
forcing on decadal timescales but a feedback

on millennial timescales. This allows us to treat
the climate system as close to radiative equilib-
rium on timescales of a few centuries, which is
not necessarily the case when long timescale
ice sheet dynamics are taken into account.

After a forcing acts to change the radiative
balance, and the climate reaches equilibrium
at a new temperature, the global mean tem-
perature change AT (K) is related to the forcing
Q (Wm?) by:

Q

AT . 1)
where A is the feedback parameter (Wm™
K™). The simplest way to estimate climate
sensitivity is to calculate A for a known forcing
and temperature change (Qy.own AT kown)s
and then use A with the forcing of doubled
CO, (Qyicor = 3.7TWm™) to estimate the
temperature change AT, ;. This makes
the assumption that the feedback para-
meter is the same in both the known and
doubled CO, climates.

IlI Using the instrumental record

There are three basic approaches to using
modern (post-1850) climate data to estimate
climate sensitivity: to infer climate sensitivity
directly from observations (using Q,,own»
AT, ... @s described in the previous section);
to compare model simulations to observa-
tions in order to increase confidence in a
model’s estimate of climate sensitivity; or
to weight predictions of climate sensitivity
from several different models according to
the degree of agreement between the model
simulations and the observations.

Climate sensitivity has been inferred by
comparing the change in forcing during the
instrumental period with observations of
atmospheric warming, taking into account
the fact that the climate is not at equilibrium
(Gregory et al., 2002; Forster and Gregory,
2000). This is a conceptually simple approach,
but has practical difficulties. The change in
forcing between 1850 and the present day
includes changes in solar radiation, atmos-
pheric GHG concentrations, and atmospheric



484  Progress in Physical Geography 31(5)

particulate levels including sulphate aerosols.
Although the changes in CO, during this
period are well-known, measurements of
several of the other forcings only began re-
cently so the change in total forcing must be
estimated from a combination of observa-
tions and modelling studies. The transient
state of the climate is estimated from the
rate of heat uptake by the ocean (Gregory
et al., 2002), which is quite uncertain, or the
net radiative flux imbalance at the top of
the atmosphere (Forster and Gregory, 2000),
which has only been measured for a short
time. A further difficulty is caused by the
fact that the global temperature change
from 1850 to the present is small (around
0.7°C) and the trend is complicated by natural
variability. Because of the large uncertainties
in estimating the forcing and ocean heat
uptake, the estimate of climate sensitivity by
Gregory et al. (2002) has only a lower limit
(1.6°C) (Table I, Figure 2). In a later study,
Forster and Gregory (2006) use satellite
measurements of the radiative imbalance
at the top of the atmosphere and this yields
a stronger constraint on climate sensitivity
(1-4°C). These estimates based on modern
climate observations do not include the
albedo forcing due to changes in land cover;
it has been estimated that deforestation
could have decreased global mean temper-
ature by up to 0.25°C with larger regional
changes (Betts, 2001; Brovkin et al., 2006;
Davinet al., 2007).

Climate sensitivity has also been esti-
mated by comparing model simulations of
the historic period with observations. Models
incorporate the major processes that govern
climate so, providing these processes are
well-represented in the models, they can be
used to estimate the impact of each forcing
during the historic period and thus the climate
sensitivity. The instrumental record can be
used for ‘model validation’, which increases
confidence in a model’s estimate of climate
sensitivity (Barnett et al., 2001; Yokohata et
al., 2005), or else to constrain a range of model

estimates directly. Ranges of estimates arise
because of problems inherent in estimating
climate sensitivity from model experiments.
Firstly, not all processes and feedbacks are
incorporated even in state-of-the-art models.
Furthermore, some processes are represented
in a simplified fashion (parameterized) and
require the specification of parameter values
from observations; parameterizations vary
from model to model and, in many cases,
modern observations yield a range of plaus-
ible values for each parameter.

One way to estimate the uncertainties
caused by incomplete models and poorly con-
strained parameters is to run different versions
of a given model, and to compare the climate
simulated by each version with observations
in order to assess which is the most realistic.
There are two approaches to creating a group
of model versions, or ‘ensemble’. The first
is to explicitly vary the climate sensitivity of
the model, which is usually only possible in
simpler models (Andronova and Schlesinger,
2001; Forest et al., 2002, 2006; Harvey and
Kaufmann, 2002; Knutti et al., 2002; Frame
etal.,2005; Wigleyetal., 2005). The second is
to vary the parameters that affect the physics
in the model, within ranges that are thought
to be reasonable (Murphy et al., 2004; Piani
et al., 2005; Stainforth et al., 2005; Knutti
etal., 2006). These are referred to as ‘climate
sensitivity” and ‘perturbed physics’ ensembles
respectively.

Ensembles provide a powerful tool to
explore climate sensitivity. Each ensemble
member has a different value of climate
sensitivity and each simulates the modern
climate somewhat differently. The range of
climate sensitivity values from the models
is expressed as a ‘probability distribution
function’ (pdf) to show which estimates of
climate sensitivity are most likely (Figure 1);
this first, or ‘prior’, distribution shows only
the predictions of each model and thus reflects
the choice of model versions in creating the
ensemble (these choices may be referred to as
a ‘uniform prior’ if intended to be neutral, or an
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Estimates of climate sensitivity that use modern climate data (post-1850) as

Authors

Instrumental data

Climate sensitivity

Inferred from data
Gregory et al., 2002
Forster and Gregory,

2006

Model validation
Barnettet al., 2001
Yokohata et al., 2005

Ocean and surface air temperature

Net flux imbalance at top of the
atmosphere;
surface air temperature

Ocean temperature

Surface air temperature (volcanic
cooling)

Climate sensitivity ensemble

Andronova and
Schlesinger, 2001

Knutti et al., 2002

Harvey and
Kaufmann, 2002

Forestet al., 2002
Wigley et al., 2005

Frame et al., 2005
Forestet al., 2006

Surface air temperature

Ocean and surface air temperature

Ocean and surface air temperature
(inc. volcanic cooling)

Ocean, surface air and upper air
temperature

Surface air temperature (volcanic
cooling)

Surface air temperature

As for Forest et al., 2002

Perturbed physics ensemble

Murphy et al., 2004

Stainforth et al., 2005

Piani et al., 2005

Knutti et al., 2006

Large range of present-day
observations

Present-day annual mean
temperature, sea level pressure,
precipitation and atmosphere-
ocean sensible and latent heat flux
As for Stainforth et al. (2005),
plus relative humidity, zonal and
meridional winds, outgoing LW
and SW radiation

Present-day surface temperature
seasonal cycle

Lower limit 1.6°C (95% CL)
1.0-4.1°C (95% CL)

2.1°C consistent with data

4°C consistent with data;
6.3°C not consistent

1.0-9.3°C (90% CL)

Lower limit 1.2°C

1.0-3.0°C favored;
2°C most likely

1.4-7.7 (90% CL) with uniform prior;
1.3-4.2 (90% CL) with expert prior
Agung: 2.83°C (26 limits 1.28-6.32°C);

El Chichén: 1.54°C (26 limits 0.30-7.73°C);
Pinatubo: 3.03°C (20 limits 1.79-5.21°C)

1.2-11.8°C (90% CL)
2.1-8.9°C (90% CL) with uniform prior;
1.9-4.7°C (90% CL) with expert prior

2.4-5.4°C (90% CL)

1.9 -11.5°C
unconstrained range of ensemble;

(95.8% of ensemble < 8°C)

2.2-6.8°C (90% CL)

Lower limit 1.5-2°C (90% CL);
Upper limit 5-6.5°C (90% CL)

‘expert prior’ if intended to include a greater
degree of opinion: Forest et al., 2002, 2006;
Table 1; Figure 2). Each ensemble member
is then weighted by its success at simulating
the modern climate. The weightings alter the
shape of the climate sensitivity pdf, assigning

a higher probability to the predictions of the
most successful ensemble members and
producing the ‘posterior’ distribution. The
posterior distribution is thus made up of the
predictions of the ensemble constrained by
the climate observations (Figure 1).
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Figure 1 Probability distributions of climate sensitivity (adapted from Murphy

et al., 2004). These were obtained from a large perturbed physics ensemble (grey
histogram), using linear interpolation to predict the results from additional parameter
combinations. The pdfs are shown with and without weighting according to the
agreement between model versions and present day climate observations

Several different instrumental records
have been used in the ensemble approach, in-
cluding observations of present-day climate
(Murphy et al., 2004; Piani et al., 2005;
Stainforthet al., 2005; Knuttiet al., 2006), the
long-term warming trends of the atmosphere
and ocean in the 19th and 20th centuries
(Andronova and Schlesinger, 2001; Forest et
al., 2002, 2006; Harvey and Kaufmann, 2002;
Knutti et al., 2002; Frame et al., 2005), and
observations of cooling after recent volcanic
eruptions (Wigley et al., 2005).

Climate sensitivity estimates from en-
sembles are usually expressed as 5-95%
confidence limits (CL), which are the upper
and lower limits of the central 90% area of
the pdf. Most studies predict an asymmetric

climate sensitivity pdf, with a long high tail that
would indicate there is a small chance of very
high climate sensitivity (eg, Andronova and
Schlesinger, 2001; Forest et al., 2002, 2006;
Murphy et al., 2004; see also IPCC, 2007).
The observational weightings usually
narrow the width of the climate sensitivity
pdf, leading to narrower 5-95% confidence
limits, because they contribute information as
to which are the most successful predictions.
However, the pdf is also influenced by ex-
perimental choices: whether it is a ‘climate
sensitivity’ or a ‘perturbed physics’ ensemble,
and the ranges and sampling of input para-
meters (Forest et al., 2002, 2006; Frame et
al., 2005; Rougier, 2007). This is a natural
outcome of the Bayesian framework of the
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IPCC, 2007
P

Charney, 1979

Inferred from data

Gregory et al., 2002 (95% CL)

Forster and Gregory, 2006 (95% CL)

Climate sensitivity ensemble
_Andronova and Schlesinger, 2001 (90% CL)

LKnutti etal., 2002 (no CL)

F

Harvey and Kaufmann, 2002 (no CL)
-

Forest et al., 2002 (90% CL)
L 1

Wigley et al., 2005 (20)

_Frame et al., 2005 (90% CL)

F

Forest et al., 2006 (90% CL)

Perturbed physics ensemble

Murphy et al., 2004 (90% CL)

_Piani et al., 2005 (90% CL)

| Knutti et al., 200I6 (90% CL)
| 1

_Stainforth et al., 2005 (95.8% of ensemble)
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A/ aa
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Climate sensitivity (°C)

Figure 2 Climate sensitivity estimates obtained using modern climate data as a
constraint, divided into three groups: inference of climate sensitivity directly from data;
ensemble studies in which climate sensitivity is varied; and ensemble studies in which
physics process parameters are varied. Wigley et al. (2005) base their estimates on
three different volcanic eruptions (Table 1). The narrower ranges of Forest et al. (2002,
2006) include additional specifications for the values of the ensemble input parameters.
Confidence limits, or other definitions of the estimate, are given. The vertical bands

indicate the IPCC 2007 (2-4.5°C) and NAS (1.5-4.5°C) ranges (see text)
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ensemble approach. Probabilistic results in
the Bayesian sense are defined according to
the knowledge available for the analysis — not
only the observational data but also the set of
hypotheses embodied in the prior distribution
(Rougier, 2007).

Ensembles must be large for the results
to be statistically sound, and most advanced
climate models use substantial amounts of
computing time so it may be necessary to use
interpolation methods to fill the gaps between
a limited number of ensemble simulations
(Murphy et al. 2004; Knutti et al. 2000).
Despite these various difficulties, the ensemble
methodology has been the most significant
advance in obtaining probabilistic estimates
of climate sensitivity. Uncertainty ranges are
more rigorously defined, and the causes of
uncertainty are better identified (eg, Webb
etal., 2006).

However, the ensemble approach has not
resulted in narrower ranges of climate sensitivity
estimates (Figure 2). Many estimates have a
width of about 3°C, some much larger, with
the upper limit particularly poorly constrained,
and many estimates with the same confidence
limits are quite different. This is due both to
problems inherent in using the historic period
as areference, which include the small climate
signal and uncertainties in the forcings and
ocean heat uptake, and to problems inherent
in the ensemble approach, which include
the sensitivity to experimental choices, the
uncertainty associated with interpolation
between members of a small ensemble
(if used), and the uncertainty inherent in the
model itself. The effects of these choices and
uncertainties are difficult to quantify, and in
some studies no attempt is made to do so.

IV Using the palaeorecord

The geological record includes times when
the change in forcing and the climate response
were large compared with the changes of
the recent past or those expected as a result
of doubling CO,. The pre-instrumental or
palaeorecord thus provides a strong test
of how well we understand and can model

different climates, and an opportunity to
estimate climate sensitivity in radically dif-
ferent climates. For the most recent glacial-
interglacial cycles, the ice core record (eg,
EPICA community members, 2004) provides
direct information on global atmospheric
GHG concentrations and isotopic measure-
ments of Antarctic surface temperatures.
Climates in other eras and in other regions
are reconstructed from chemical, isotopic,
sedimentological or biological data which
reflect the response of these ‘sensors’ to
climate change. However, our knowledge of
the climate response to changes in forcing on
palaeo-timescales is necessarily less precise
than in modern climates, because of the
nature of the records and the patchiness of’
the spatial coverage.

I Inferring climate sensitivity directly from
palaeodata

Just as for modern climates, inferring climate
sensitivity from palaeodata records requires
estimates of the forcings, the temperature
response and the heat uptake by the ocean.
However, the rate of ocean heat uptake is
usually treated as negligible as it is assumed
the oceanisat, or close to, equilibrium, so only
AT ,eeo and Q... are required (Equation 1).
Estimates of climate sensitivity have been
made based on three geological periods: the
Mid-Cretaceous (Hoffert and Covey, 1992;
Barron, 1993), the early Eocene (Covey
et al., 1996) and the Last Glacial Maximum
(Hoffert and Covey, 1992; Hansen et al.,
1993).

The Mid-Cretaceous, about 100 million
years ago, was a warm period with atmos-
pheric CO, concentrations about 2—6 times
greater than the present day (Covey et al.,
1996). Climate sensitivity estimates based
on the Mid-Cretaceous (Table 2; Figure 3)
include 3.8 £ 2.0°C (Barron, 1993) and
2.5+ 1.2°C (Hoffert and Covey, 1992), and
the difference between these largely reflects
uncertainties in the climate forcing. Barron
(1993) considers only CO, forcing, while
Hoffert and Covey (1992) also include forcing
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due to albedo changes which approximately
doubles the total forcing. Their global mean
temperature estimates are similar: Hoffert
and Covey (1992) obtain the value 9 + 2°C,
using latitudinal reconstructions by Barron
(1983) from a variety of data including for-
aminifera, coral reefs and the lack of per-
manent ice, while Barron (1993) uses 7 + 2°C,
an updated estimate. The larger forcing thus

results in the lower estimate of climate sen-
sitivity (Coveyetal., 1996). The early Eocene,
55 million years ago, was also a warm period
with atmospheric CO, concentrations about
2-6 times greater than the preindustrial era.
Coveyetal. (1996) estimate a climate sensitiv-
ity of between 0.7-2.5°C, where the low end of’
the range corresponds to the highest estimates
of atmospheric CO, concentrations.

Table 2 Estimates of climate sensitivity that use palaeoclimate data (pre-1850) as a

constraint

Authors

Era

Climate sensitivity

Inferred from data
Genthonet al., 1987
Lorius et al., 1990

Hoffert and Covey,
1992

Hansenet al., 1993
Barron, 1993
Coveyetal., 1996
Lea, 2004

Model validation

Manabe and Broccoli,

1985
Barronet al., 1995

Hewitt and Mitchell,
1997

Broccoli, 2000
Hewitt et al., 2001

Rind et al., 2004

Crucifix, 2006

Last 160 000 years
Last 160 000 years
LGM; Mid-Cretaceous

LGM
Mid-Cretaceous
Eocene

Last 360 000 years

LGM

Mid-Cretaceous
LGM

LGM
LGM; modern

Maunder Minimum

LGM

Perturbed physics ensemble

Annanet al., 2005

Schneider von
Deimling et al., 2006

Combining constraints

Hegerl et al., 2006

Annan and
Hargreaves, 2006

LGM

LGM

20th century; last 700 years

20th century; volcanic cooling;
LGM cooling

5.4-15.0°C

3-4°C (lo)

LGM: 2 £ 0.5°C (lo);
Mid-Cretaceous: 2.5 + 1.2°C (lo)
3+ 1°C (lo)

3.8+ 2.0°C (lo)

1.6 £0.9°C (lo)

Tropical sensitivity: 5.1 = 0.8°C (lo)

2.3°C and 4.0°C consistent with data

3°C

2.9°C reasonably consistent with data

3.2°C
3.3°C and 2.8°C consistent with

palacodata; 2.8°C better agreement with
modern data

4.4°C not consistent with the data;
1.1°C would be consistent

2.1-3.9°C (unconstrained model range)

Greater than 6°C hard to reconcile with
data; greater than 8°C virtually impossible

1.2-5.3°C (90% CL)

1.5-6.2°C (90% CL)
1.7-4.9°C (95% CL)
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The Last Glacial Maximum (LGM:
ca 21,000 years ago), corresponding to the
global but not necessarily local maximum in
ice volume, is characterized by large northern-
hemisphere ice sheets, low sea levels, low
levels of GHGs and high atmospheric levels
of dust (Peltier, 2004; Fluckiger et al., 1999;
Dallenbach et al., 2000; Monnin et al., 2001;
Claquinetal., 2003). The difference in forcing
from the present is large and reasonably
well-known. Climate sensitivity estimates
based on the LGM include 2 + 0.5°C (Hoffert
and Covey, 1992) and 3 + 1°C (Hansenetal.,
1993). Hoffert and Covey estimate global
mean temperature from the ice core data and
the gridded sea surface temperature (SST)
reconstructions by the Climate: Long range
Investigation Mappings and Predictions
(CLIMAP) project. The gridded CLIMAP
data are known to be too warm (Broccoli and
Marciniak, 1996; Kuceraetal., 2005). Hoffert
and Covey (1992) also assume that cooling
over land is the same as cooling over the ocean
at the same latitudes, though this was not the
case (Farrera et al., 1999). So their estimate
of LGM global mean cooling, =3 + 0.6°C, is
probably too warm and thus yields too small
a climate sensitivity (Covey et al., 1996).
Hansenetal. (1993) assume LGM global mean
cooling is =5 + 1°C, which results in the larger
estimate of climate sensitivity.

Climate sensitivity has also been esti-
mated from cyclical climate changes. The
Quaternary era, the last 2.6 million years,
has been characterized by the occurrence
of periodic ice age cycles, each lasting about
100,000 years, which are paced by changes in
the Earth’s orbit. The relationship between
CQO, levels and temperature during these
cycles is complicated, because CQO, is both
a forcing and a feedback, and the relative
timescales of the records are difficult to
calibrate. Genthon et al. (1987) and Lorius
et al. (1990) use linear regression to analyse
the relationship between CO, and tem-
perature during the last 160,000 years.
However, they obtain very different results:

5.4-15.0°C (Genthonet al., 1987) and 3-4°C
(Loriusetal., 1990). Loriuset al. (1990) obtain
a lower estimate because they assume a
smaller Antarctic temperature change
(5°C compared with 9°C; the latest estimate
is around 11°C: Jouzel et al., 2003), and
attribute a larger proportion of the change
to CO, forcing (40% of the temperature
response compared with 20%) than Genthon
et al. (1987). Lea (2004) takes advantage
of a new timescale calibration between the
ice core and marine records to analyse a
longer period, 360,000 years, and estimates
that the ‘tropical climate sensitivity’ is
5.1 £0.8°C. This is extremely high: global
sensitivity is expected to be larger than
tropical sensitivity, due to the large positive
feedback of the polar ice sheets.

Inferences of climate sensitivity based on
palaecodata yield estimates that are broadly
similar to those obtained from consideration
of the instrumental era (Table |, Table 2;
Figure 2, Figure 3, uncertainty limits of |o
correspond to 68% CL and 20 to 95% CL).
However, these palacodata-based estimates
must be regarded with caution. The forcings
are very uncertain (including the division
between forcings and feedbacks, and the
CQO, component of the total), particularly for
eras before the ice core record. The global
mean temperature is also very uncertain,
as it has been estimated from relatively few
data points. And in early periods such as the
Eocene and Mid-Cretaceous the geography
was radically different. These issues lead to
a wide range of estimates for the feedback
parameter from each era.

So these estimates based on earlier periods
may not be trustworthy, and these studies
may only be useful because the changes are
generally thought to be due to higher CO,
levels than we will experience in the next
century. The following section describes a
better approach: using a climate model to
simulate global mean temperature and using
palaeodata to evaluate the model.
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Figure 3 Climate sensitivity estimates obtained using palaeoclimate data as a
constraint, divided into three groups: inference of climate sensitivity directly from
palaeodata; ensemble studies in which physics process parameters are varied;
and results from combining estimates from different eras. Hoffert and Covey
base their estimates on two eras: the LGM (solid line) and Mid-Cretaceous

(dashed line)
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2 Constraining model estimates of climate
sensitivity with palaeodata

An alternative to the palacodata-based ap-
proach is to validate palaeoclimate simula-
tions using palaeodata and use the validated
models to estimate climate sensitivity. Model
validations may take the form of qualitative
comparisons to mapped palaeodata or
quantitative comparisons to reconstructed
temperature changes. Several eras have
been used for validation: the Mid-Cretaceous
(Barron et al., 1995), the LGM (Manabe and
Broccoli, 1985; Hewitt and Mitchell, 1997;
Broccoli, 2000; Hewitt et al., 2001), and
the Maunder Minimum (1645-1715), during
which sunspots were rare and insolation
was low (Rind et al., 2004). After validation,
climate sensitivity is estimated either from
the palaeoclimate simulation, using AT, ..
and Q... (Barron et al., 1995; Rind et al.,
2004), or from a doubled CO, simulation
from the same model, obtaining AT, o,
directly (Manabe and Broccoli, 1985; Hewitt
et al., 2001). One advantage of estimating
climate sensitivity from a doubled CO, simu-
lation is that it does not assume the feedback
parameter (Equation 1) is constant in different
climate states. Comparisons of LGM and
doubled CO, simulations (eg, Hewitt and
Mitchell, 1997; Broccoli, 2000) indicate
that the feedback parameter is probably not
constant.

These climate sensitivity estimates are
based on palaeoclimate simulations from
individual models. However, the Palaeo-
climate Modelling Intercomparison Project
(PMIP: Braconnot et al., 2007) has shown
that even robust responses to changes in
forcing vary in magnitude from model to
model (Joussaume et al., 1999). Uncertainty
in climate sensitivity estimates may there-
fore be explored by comparing palaeoclimate
simulations from different models to each
other and to palaeodata. Four of the PMIP
models have estimates of climate sensitivity
in the range 2.1-3.9°C (Crucifix, 2006). The

models have similar estimates of the feedback

parameter at the LGM (A gu), but differ in
estimates of the feedback parameter in the
doubled CO, climate (A,,cq,) and do not
agree whether A, o, is smaller or larger than
M om- These differences are largely due to the
different behaviour of the cloud feedback in
each model (Crucifix, 2006). In this study, the
limited amount of LGM data used in evaluating
the simulations (regional temperature averages
over Antarctica, Greenland and the tropical
oceans) do not distinguish which is the best
model at simulating the LGM and thus most
likely to be successful at estimating climate
sensitivity.

Perturbed physics ensembles have been
used to test the impact of model uncertainties
on climate sensitivity and LGM climate
simulations (Annan et al., 2005; Schneider
von Deimling et al., 2006). In both studies,
a regional temperature change in LGM
simulations (AT gu™#°™) is plotted as a function
of global temperature change in doubled CO,
simulations (AT ,,.co,), With one point for each
ensemble member (Figure 4). Reconstructions
of'the LGM temperature change (SST changes
averaged over the tropics or other regions)
provide numerical constraints on the ensemble
estimates of climate sensitivity. Schneider von
Deimling et al. (2006) use the lo limits of the
palaeodata to define the limits of acceptance
in the ensemble, while Annan et al. (2005)
weight the ensemble members by assuming
the palaeodata uncertainties have a Gaussian
distribution. The ensemble methodology has
the advantage that there is no need to quantify
the feedback parameter for either the palaeo-
or doubled CQO, climates.

In the published studies, the results differ
in part due to experimental choices: they
use different forcings, analyse different
regions, compare to different temperature
reconstructions, and furthermore Annan et
al. (2005) estimate only the upper limit of’
climate sensitivity because their ensemble has
few members with low climate sensitivity.
However, the results also differ due to differ-
ences in the models. The model used by
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Figure 4 Climate sensitivity as a function of tropical sea surface temperature change
between the pre-industrial and the LGM for three model ensembles: the MIROC3.2
model with PMIP LGM boundary conditions (Annan, private communication);

the CLIMBER-2 model with PMIP LGM boundary conditions; and CLIMBER-

2 with additional dust and vegetation forcings (Schneider von Deimling, private
communication). For comparison, five PMIP 2 coupled ocean-atmosphere GCMs are
shown (Crucifix, 2006; this paper). The MIROC3.2 ensemble uses a simpler version
of the model than PMIP 2 (see text). The vertical lines indicate the 1o limits

of reconstructed tropical SST change at the LGM from Ballantyne et al. (2005)

Schneider von Deimling et al. (2006) has a
strong linear correlation between AT gyreen
and AT, o0 Which may reflect the simple
structure of their ‘intermediate complexity’
model. The model used by Annanetal. (2005)
is a complex GCM, albeit with low resolution
and a simplified ocean, and it has a broader,
more scattered relationship: in other words,
perturbing the physics parameters does not
affect the LGM and 2xCQO, climate simula-
tions equally. When the models are com-
pared using the same forcings and regional
temperature, and compared with the same
palaeodata (Figure 4; Annan, private com-
munication; Schneider von Deimling, private

communication), it can be seen that the
model differences result in different climate
sensitivity estimates.

The relationship between AT, g™ and
AT, cop inthe model simulations (Figure 4) isa
measure of the relationship between A o and
Asvcoz, Which differs between the two models.
Hargreaves et al. (2007) further analyse the
ensemble of Annan et al. (2005) and find that
most members predict that A, gy, is larger than
Aavcop but about one fifth predict the opposite.
This result, along with that of Crucifix (2006),
illustrates how much uncertainty remains
in modelling the response of the Earth to
different forcings.
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V Combining instrumental and
palaeorecord constraints

Palaeoclimate estimates of climate sensitiv-
ity are useful because they examine large
climate changes but suffer from increased
uncertainties in the climate and forcing
estimates, while modern climate estimates
have the reverse characteristics. Recent
studies (Annanand Hargreaves, 2006; Hegerl
et al., 2006) have therefore combined the
two types of constraint. Hegerl et al. (2006)
constrain a climate sensitivity ensemble of
the last 700 years using both the instrumental
period (Frame et al., 2005) and palaecodata,
while Annan and Hargreaves (2006) combine
results from 20th century warming, volcanic
coolingand LGM cooling. Both studies narrow
the range in the estimated climate sensitivity.
However, these studies raise a number of
issues about combining information from
different experiments, including whether it
is appropriate to assume that the feedback
parameter is constant for different types
of forcing (volcanic sulphate aerosols and
GHGs affect the climate in very different
ways), how to combine qualitative and
quantitative estimates of climate, and how
best to deal with subjective choices that must
be made about which estimates to combine.

VI Discussion

Attempts to estimate climate sensitivity using
palaeodata produce a range of estimates, just
as those obtained using modern observations
do (Figure 2; Figure 3). Thus, although the
palaeorecord offers advantages over the
modern observations because the climate
change signal is large compared to the short-
term natural variability, attempts to use this
record have so far done little to constrain the
uncertainties in estimating climate sensitivity.
To some extent, and especially for earlier
periods in the Earth’s history, this reflects the
large uncertainties in specifying the change
in forcing. A more important issue, however,
is the limited use that has been made of
palaeodata to constrain the simulations.

Most of the attempts to constrain climate
sensitivity using palaeodata are based on
regional averages of point-based climate
reconstructions (eg, Annan et al., 2005;
Crucifix, 2006; Hegerlet al., 2006; Schneider
von Deimling et al., 2006). However, and
especially as one goes back further in time,
the number of sites for which quantitative
reconstructions have been made becomes
more limited. There are large uncertainties
involved in averaging a limited amount of
point data together to create a regional aver-
age, and this is especially true when the dis-
tribution of the point data is irregular and
when there may be no data available for
some areas. In these circumstances, spatially-
explicit comparisons of simulated climates
with palaeoclimate reconstructions provide
a stronger assessment of the ability of a
model to reproduce palaeoclimates than com-
parisons based on regional averages. Coupled
ocean-atmosphere models may simulate
very different spatial patterns of climatic
variables such as SST (Figure 5). It is highly
plausible that estimates of climate sensitivity
will be improved by taking the patterns of
climate change into account: part of the
uncertainty in climate sensitivity is related to
cloud cover, and especially the formulation of
stratocumulus, which is strongly influenced by
spatial patterns in SST (Webb et al., 2006).

Spatially-explicit reconstructions of cli-
matic variables, based on a variety of differ-
ent palaeoenvironmental records (including
pollen-based vegetation reconstructions, tree-
rings, isotopic and noble gas measurements
from the terrestrial realm, and biological and
chemical proxies from the marine realm),
exist for epochs such as the last interglacial,
the LGM and intervals during the last glacial-
interglacial cycle (Bartlein et al., 1986; LIGA
Members, 1991; Cheddadiet al., 1997; Peyron
et al., 1998, 2000; Farrera et al., 1999; de
Vernalet al., 2000). Although these data sets
have been routinely used in model evaluation
exercises (eg, Joussaume et al., 1999; Pinot
etal.,1999; Peyronetal., 2006), only a limited
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Figure 5 Annual mean sea surface temperature changes between the pre-industrial
and the LGM, simulated by four coupled ocean-atmosphere GCMs from PMIP 2
(Braconnot et al., 2007): CCSM, HadCM3M2, IPSL-CM4-V1-MR and MIROC3.2

subset of the information has been used in
attempts to quantify climate sensitivity.
This is partly a reflection of the failure of the
community to make up-to-date reconstruc-
tions readily available. But it also reflects
serious concerns about climate reconstruc-
tions due to uncertainties in, for example,
the direct role of CO, changes through plant
physiology in influencing terrestrial biology
(Cowling and Sykes, 1999; Harrison and
Prentice, 2003). Forward-modelling techniques
which take into account the effects of non-
climatic parameters on vegetation changes
have been developed (Prentice et al., 2007),
but have yet to be applied to continental-
scale terrestrial data sets. Again, use of these
reconstructions will provide a stronger con-
straint on the ability of a model to reproduce
observed palaeoclimate changes. Finally,
there are many sorts of palacoenvironmental
data that reflect changes in climate but
which do not yield climate reconstructions.

Large-scale syntheses of changes in climate
sensors such as, for example, vegetation
cover, the extent of lakes, snowline elevation,
mineral-dust deposition and charcoal records
of palaeofires (Hoelzmann et al., 1998;
Prentice et al., 2000; Kohfeld and Harrison,
2001, 2003; Mark et al., 2005) also provide
information about the nature of palaeo-
climate conditions at a given time. With
the advent of more complex climate models
which explicitly simulate vegetation, fire
disturbance, land-surface hydrology and
biogeochemical cycles (including the dust
cycle), these data could also be used to pro-
vide better constraints on model-based
estimates of climate sensitivity. Comparing
simulations of climate sensors (such as veg-
etation) directly with palaeodata, rather
than using statistical reconstructions of
climate variables, uses as much information
from the palaeodata as possible and this
increases confidence in the constraints.
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Although the use of palaeoclimate targets
has not reduced the uncertainty associated
with estimates of climate sensitivity, these
studies have reinforced our understanding
that climate sensitivity is affected by the type
of forcing (Wigley, 1994; Hansenet al., 1997;
Joshiet al., 2003). Estimates of the feedback
parameter based on other forcings than CO,,
such as volcanic forcing, will not necessarily
yield similar results and could lead to an
arbitrary narrowing of the range for climate
sensitivity (see, for example, Hegerl et al.,
2006). Comparison of LGM, Eocene, Mid-
Cretaceous and modern studies suggest that
the feedback parameter may also be affected
by the size and sign of CO, forcing.

VII Summary

Current estimates of climate sensitivity based
on modern climate data, either used alone
or in conjunction with models, are largely in
the range 1.5-5°C. Despite improvements
in methodology and progress in quantifying
the uncertainty, this range has changed little
since the first estimates of climate sensitivity
were made. This is in large part because the
global temperature changes during the 19th
and 20th centuries are small, and there are
uncertainties associated with some com-
ponents of the forcing (eg, insolation, sulphate
aerosol forcing) and with the rate of ocean
heat uptake.

Past geological periods offer the opportu-
nity to examine climate sensitivity when the
climate was radically different from the pre-
sent, and thus the signal-to-noise ratio is much
improved compared to the instrumental period.
However, attempts to constrain climate sen-
sitivity using palaeoclimate data have not
yet succeeded in substantially reducing the
range of estimates. This is in part because
the uncertainties associated with the forcings
are larger than the uncertainties associated
with recent changes in forcing, but also reflects
a less-than-optimal use of the palaeoclimate
data. Uncertainties also arise from assuming
that the behaviour of feedbacks is the same
in palaeoclimates as in doubled CO, climates,

and in some studies due to the calibration of
timescales (eg, in records of glacial cycles)
and the assumption that the climate is at
equilibrium (eg, at the LGM).

Nevertheless, work to date suggests that
palaeodata can help to improve constraints on
climate sensitivity. We suggest that a strategy
to derive more robust constraints on climate
sensitivity should involve:

1. Comparing model simulations to spatially-
located data rather than regional averages

2. Using more of the available palaeo-
data syntheses and palaeoclimate
reconstructions

3. Comparing model simulations of climate
sensors directly with palaeodata, rather
than climate reconstructions

4. Creating new palaeodata syntheses and
reconstructions, and working towards
well-defined confidence levels for these

5. Extending the current range of palaeo-
climate model ensembles

6. Combining constraints from different
eras.

Acknowledgements

This paper arises out of work being done
within the QUEST-funded PalaeoQUMP
project. Thanks to PalaeoQUMP project
members for useful discussions and to Yan
Zhao for producing Figure 5 from PMIP 2
model data (more information about PMIP
2 can be found at http://pmip2.lsce.ipsl.
fr/pmip2). We thank James Annan and
Thomas Schneider von Deimling for providing
unpublished results for analysis.

References

Andronova, N.G. and Schlesinger, M.E. 2001:
Objective estimation of the probability density function
for climate sensitivity. Journal of Geophysical Research
106, 22605-11.

Annan, J.D. and Hargreaves, J.C. 2006: Using
multiple observationally-based constraints to
estimate climate sensitivity. Geophysical Research
Letters 33, L06704.

Annan, J.D., Hargreaves, J.C., Ohgaito, R.,
Abe-Ouchi, A. and Emori, S. 2005: Efficiently



Tamsin L. Edwards et al.: Using the past to constrain the future 497

constraining climate sensitivity with ensembles of
paleoclimate simulations. SOLA [, 181-4.

Arrhenius, S. 1896: On the influence of carbonic
acid in the air upon the temperature of the ground.
Philosophical Magazine and Journal of Science 41,
239-76.

Ballantyne A.P., Lavine, M., Crowley, T.J.,
Liu, J. and Baker, P.B. 2005: Meta-analysis of
tropical surface temperatures during the Last Glacial
Maximum. Geophysical Research Letters 32, LO5712.

Barnett, T.P., Pierce, D.W. and Schnur, R. 2001:
Detection of anthropogenic climate change in the
world’s oceans. Science 292, 270-4.

Barron, E.J. 1983: Awarm, equable Cretaceous: the nature
of the problem. Earth Science Reviews 19, 305-38.
Barron, E.J. 1993: Paper presented at the American
Geophysical Union Spring Meeting, Baltimore, 24-8

May.

Barron, E.J., Fawcett, P.J., Peterson, W.H.,
Pollard, D. and Thompson, S.L. 1995: A ‘simulation’
of mid-Cretaceous climate. Paleoceanography 10,
953-62.

Bartlein, P.J., Prentice, I.C. and Webb III, T. 1986:
Climatic response surfaces from pollen data for some
eastern North American taxa. Journal of Biogeography
13, 35-57.

Betts, R.A. 2001: Biogeophysical impacts of land use
on present-day climate: near-surface temperature
change and radiative forcing. Atmospheric Science
Letters 2, 39-51.

Braconnot, P., Otto-Bliesner, B., Harrison, S.P.,
Joussaume, S., Peterchmitt, J.-Y., Abe-Ouchi,
A., Crucifix, M., Driesschaert, E., Fichefet,
Th., Hewitt, C.D., Kageyama, M., Kitoh, A.,
Lainé, A., Loutre, M.-F., Marti, O., Merkel,
U., Ramstein, G., Valdes, P., Weber, S.L., Yu,
Y. and Zhao, Y. 2007: Results of PMIP2 coupled
simulations of the Mid-Holocene and Last Glacial
Maximum — Part |: Experiments and large-scale
features. Climate of the Past 3, 261-77.

Broccoli, A.J. 2000: Tropical cooling at the Last Glacial
Maximum: an atmosphere-mixed layer ocean model
simulation. Journal of Climate 13, 951-76.

Broccoli, A.J. and Marciniak, E.P. 1996: Comparing
simulated glacial climate and paleodata: a re-
examination. Paleoceanography 11, 3-14.

Brovkin, V., Claussen, M., Driesschaert, E.,
Fichefet T., Kicklighter, D., Loutre, M.F.,
Matthews, H.D., Ramankutty, N., Schaeffer,
M. and Sokolov, A. 2006: Biogeophysical effects of
historical land cover changes simulated by six earth
system models of intermediate complexity. Climate
Dynamics 26, 587-600.

Charney, J.G. 1979: Carbon dioxide and climate: a
scientific assessment. Washington, DC: National
Academy of Sciences.

Cheddadi, R., Yu, G., Guiot, J., Harrison, S.P. and
Prentice, I.C. 1997: The climate of Europe 6000
years ago. Climate Dynamics 13, 1-9.

Claquin, T., Roelandt, C., Kohfeld, K.E., Harrison,
S.P., Tegen, l., Prentice, 1.C., Balkanski, Y.,
Bergametti, G., Hansson, M., Mahowald, N.,
Rodhe, H. and Schulz, M. 2003: Radiative forcing of
climate by ice-age atmospheric dust. Climate Dynamics
20, 193-202.

Collins, M., Booth, B.B.B., Harris, G.R., Murphy,
J.M., Sexton, D.M.H. and Webb, M.J. 2006:
Towards quantifying uncertainty in transient climate
change. Climate Dynamics 27, 127-47.

Covey, C., Sloan, L.C. and Hoffert, M.I. 1996:
Paleoclimate data constraints on climate sensitivity:
the paleocalibration method. Climatic Change 32,
165-84.

Cowling, S.A. and Sykes, M.T. 1999: Physiological
significance of low atmospheric CO, for plant-climate
interactions. Climate Dynamics 52, 237-42.

Crucifix, M. 2006: Does the Last Glacial Maximum
constrain climate sensitivity? Geophysical Research
Letters 33, L18701.

Dallenbach, A., Blunier, T., Fluckiger, J., Stauffer,
B., Chappellaz, J. and Raynaud, D. 2000: Changes
in the atmospheric CH, gradient between Greenland
and Antarctica during the Last Glacial and the
transition to the Holocene. Geophysical Research
Letters 27, 1005-8.

Davin, E.L., de Noblet-Ducoudré, N. and
Friedlingstein, P. 2007: Impact of land cover
change on surface climate: Relevance of the radi-
ative forcing concept. Geophysical Research Letters 34,
DOI: 10.1029/2007GL029678, L13702.

de Vernal, A., Hillaire-Marcel, C., Turon, J.L.
and Matthiessen, J. 2000: Reconstruction of sea-
surface temperature, salinity, and sea-ice cover in
the northern North Atlantic during the last glacial
maximum based on dinocyst assemblages. Canadian
Journal of Earth Sciences 37, 725-50.

EPICA community members. 2004: Eight glacial cycles
from an Antarctic ice core. Nature 429, 623-8.

Farrera, I., Harrison, S.P., Prentice, I.C., Ramstein,
G., Guiot, J., Bartlein, P.J., Bonnefille, R.,
Bush, M., Cramer, W., von Grafenstein, U.,
Holmgren, K., Hooghiemstra, H., Hope, G.,
Jolly, D., Lauritzen, S.-E., Ono, Y., Pinot, S.,
Stute, M. and Yu, G. 1999: Tropical climates at the
Last Glacial Maximum: a new synthesis of terrestrial
palaeoclimate data. |. Vegetation, lake-levels and
geochemistry. Climate Dynamics 15, 823-56.

Flickiger, J., Dallenbach, A., Blunier, T., Stauffer,
B., Stocker, T.F., Raynaud, D. and Barnola, J.-M.
1999: Variations in atmospheric N,O concentra-
tion during abrupt climatic changes. Science 285,

227-30.



498  Progress in Physical Geography 31(5)

Forest, C.E., Stone, P.H., Sokolov, A.P., Allen,
M.R. and Webster, M.D. 2002: Quantifying
uncertainties in climate system properties with the
use of recent climate observations. Science 295,
113-17.

Forest, C.E., Stone, P.H. and Sokolov, A.P. 2006:
Estimated PDFs of climate system properties including
natural and anthropogenic forcings. Geophysical
Research Letters 33, LO1705.

Forster, P.M.D. and Gregory, J.M. 2006: The
climate sensitivity and its components diagnosed from
Earth Radiation Budget data. Journal of Climate 19,
39-52.

Frame, D.J., Booth, B.B.B., Kettleborough,
J.A., Stainforth, D.A. and Gregrory, J.M.
2005: Constraining climate forecasts: the role of
prior assumptions. Geophysical Research Letters 32,
L09702.

Genthon, C., Barnola, J.-M., Raynaud, D., Lorius,
C., Jouzel, J., Barkov, N.I., Korotkevich, Y.S.
and Kotlyakov, V.M. 1987: Vostok ice core —climatic
response to CO2 and orbital forcing changes over
the last climatic cycle. Nature 329, 414-18.

Gregory, J.M., Stouffer, R.J., Raper, S.C.B., Stott,
P.A. and Rayner, N.A. 2002: An observationally
based estimate of the climate sensitivity. Journal of’
Climate 15, 3117-21.

Hansen, J., Lacis, A., Ruedy, R., Sato, M. and
Wilson, H. 1993: How sensitive is the world’s
climate? Research and Exploration 9, 142-58.

Hansen, J., Sato, M. and Ruedy, R. 1997: Radiative
forcing and climate response. Journal of Geophysical
Research 102, 6831-64.

Hargreaves, J.C., Abe-Ouchi, A. and Annan, J.D.
2007: Linking glacial and future climates through an
ensemble of GCM simulations. Climate of the Past
3, 77-87.

Harris, G.R., Sexton, D.M.H., Booth, B.B.B.,
Collins, M., Murphy, J.M. and Webb, M.J.
2006: Frequency distributions of transient regional
climate change from perturbed physics ensembles
of general circulation model simulations. Climate
Dynamics 27, 357-75.

Harrison, S.P. and Prentice, I.C. 2003: Climate and
CQO, controls on global vegetation distribution at
the last glacial maximum: analysis based on palaeo-
vegetation data, biome modelling and palaeoclimate
simulations. Global Change Biology 9, 983-1004.

Harvey, L.D.D. and Kaufmann, R.K. 2002:
Simultaneously constraining climate sensitivity and
aerosol radiative forcing. Journal of Climate 15,
2837-61.

Hegerl, G.C., Crowley, T.J., Hyde, W.T. and
Frame, D.J. 2006: Climate sensitivity constrained
by temperature reconstructions over the past seven
centuries. Nature 440, 1029-32.

Hewitt, C.D. and Mitchell, J.F.B. 1997: Radiative
forcing and response of a GCM to ice age boundary

conditions: cloud feedback and climate sensitivity.
Climate Dynamics 13, 821-34.

Hewitt, C.D., Senior, C.A. and Mitchell, J.F.B.
2001: The impact of dynamic sea-ice on the climatology
and climate sensitivity of a GCM: a study of past,
present and future climates. Climate Dynamics 17,
655-68.

Hoelzmann, P., Jolly, D., Harrison, S.P., Laarif,
F., Bonnefille, R. and Pachur, H.-J. 1998: Mid-
Holocene land-surface conditions in northern Africa
and the Arabian peninsula: a data set for the analysis
of biogeophysical feedbacks in the climate system.
Global Biogeochemical Cycles 12, 35-51.

Hoffert, M.I. and Covey, C. 1992: Deriving global
climate sensitivity from palaeoclimate reconstruc-
tions. Nature 360, 573-6.

IPCC. 2001: Climate Change 2001: The Scientific Basis.
Contribution of Working Group I to the Third Assessment
Report of the Intergovernmental Panel on Climate
Change (Houghton, J.T., Ding, Y., Griggs, D.J.,
Noguer, M., van der Linden, P.J., Dai, X., Maskell,
K. and Johnson, C.A., editors). Cambridge and
New York: Cambridge University Press.

IPCC. 2007: Climate Change 2007: The Physical Science
Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on
Climate Change (Solomon, S., Qin, D., Manning,
M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M.
and Miller, H.L., editors). Cambridge and New York:
Cambridge University Press.

Joshi, M., Shine, K., Ponater, M., Stuber, N.,
Sausen, R. and Li, L. 2003: A comparison of climate
response to different radiative forcings in three
general circulation models: towards an improved
metric of climate change. Climate Dynamics 20,
843-54.

Joussaume, S., Taylor, K.E., Braconnot, P.,
Mitchell, J.F.B., Kutzbach, J.E., Harrison,
S.P., Prentice, I.C., Broccoli, A.J., Abe-Ouchi,
A., Bartlein, P.J., Bonfils, C., Dong, B., Guiot,
J., Herterich, K., Hewitt, C.D., Jolly, D., Kim,
J.W., Kislov, A., Kitoh, A., Loutre, M.F.,
Masson, V., McAvaney, B., McFarlane, N., de
Noblet, N., Peltier, W.R., Peterschmitt, J.Y.,
Pollard, D., Rind, D., Royer, J.F., Schlesinger,
M.E., Syktus, J., Thompson, S., Valdes, P.,
Vettoretti, G., Webb, R.S. and Wyputta, U.
1999: Monsoon changes for 6000 years ago: results
of 18 simulations from the Paleoclimate Modeling
Intercomparison Project (PMIP). Geophysical Research
Letters 26, 859-62.

Jouzel, J., Vimeux, F., Caillon, N., Delaygue, G.,
Hoffman, G., Masson-Delmotte, V. and Parrenin,
F. 2003: Magnitude of isotope/temperature scaling
for interpretation of central Antarctic ice cores.
Journal of Geophysical Research 108, 4361.

Knutti, R., Stocker, T.F., Joos, F. and Plattner, G.-K.
2002: Constraints on radiative forcing and future



Tamsin L. Edwards et al.: Using the past to constrain the future 499

climate change from observations and climate
model ensembles. Nature 416, 719-23.

Knutti, R., Meehl, G.A., Allen, M.R. and Stainforth,
D.A. 2006: Constraining climate sensitivity from
the seasonal cycle in surface temperature. Journal
of Climate 19, 4224-33.

Kohfeld, K.E. and Harrison, S.P. 2001: DIRTMAP:
the geological record of dust. Earth Science Reviews
54, 81-114.

Kohfeld, K.E. and Harrison, S.P. 2003: Glacial-
interglacial changes in dust deposition on the
Chinese Loess Plateau. Quaternary Science Reviews
22, 1859-78.

Kucera, M., Weinelt, M., Kiefer, T., PAaumann, U.,
Hayes, A., Weinelt, M., Chen, M.T., Mix, A.C.,
Barrows, T.T., Cortijo, E., Duprat, J., Juggins,
S. and Waelbroeck, C. 2005: Reconstruction of
sea-surface temperatures from assemblages of
planktonic foraminifera: multi-technique approach
based on geographically constrained calibration
data sets and its application to glacial Atlantic and
Pacific Oceans. Quaternary Science Reviews 24,
951-98.

Lea, D.W. 2004: The 100,000 year cycle in tropical
SST, greenhouse forcing, and climate sensitivity.
American Meteorological Society 17, 2170-9.

LIGA Members. 1991: The last interglacial in high
latitudes of the northern hemisphere: terrestrial and
marine evidence. Quaternary International 10-12,
9-28.

Lorius, C., Jouzel, J., Raynaud, D., Hansen, J. and
Le Treut, H. 1990: The ice-core record: climate
sensitivity and future greenhouse warming. Nature
347, 139-45.

Manabe, S. and Broccoli, A.J. 1985: A comparison
of climate model sensitivity with data from the last
glacial maximum. Journal of the Atmospheric Sciences
42, 2643-51.

Manabe, S. and Wetherald, R.T. 1967: Thermal
equilibrium of the atmosphere with a given distri-
bution of relative humidity. Journal of the Atmospheric
Sciences 24, 241-59.

Manabe, S. and Wetherald, R.T. 1975: The effects
of doubling the CO, concentration on the climate of
a general circulation model. Journal of the Atmospheric
Sciences 32, 3—15.

Mark, B., Harrison, S.P., Spessa, A., New, A.,
Evans, D. and Helmens, K. 2005: Snowline changes
at the LGM: a global synthesis and evaluation.
Quaternary International 138-9, 168-201.

Monnin, E., Indermihle, A., Dallenbach, A.,
Fluackiger, J., Stauffer, B., Stocker, T.F.,
Raynaud, D. and Barnola, J.-M. 2001: Atmospheric
CQO, concentrations over the last glacial termination.
Science 291, 112-14.

Murphy, J.M., Sexton, D.M.H., Barnett, D.N.,
Jones, G.S., Webb, M.J., Collins, M. and
Stainforth, D.A. 2004: Quantification of modelling

uncertainties in a large ensemble of climate change
simulations. Nature 130, 768-72.

Peltier, W.R. 2004: Global glacial isostasy and the
surface of the ice-age earth: the ICE-5G (VM2) model
and GRACE. Annual Review of Earth and Planetary
Sciences 32, 111-49.

Peyron, O., Guiot, J., Cheddadi, R., Tarasov,
P., Reille, M., de Beaulieu, J.L., Bottema, S.
and Andrieu, V. 1998: Climatic reconstruction in
Europe for 18,000 yr B.P. from pollen data. Quaternary
Research 49, 183-96.

Peyron, O., Jolly, D., Bonnefille, R., Vincens, A.
and Guiot, J. 2000: Climate of east Africa 6000
4C yr B.P. as inferred from pollen data. Quaternary
Research 54, 90-101.

Peyron, O., Jolly, D., Braconnot, P., Bonnefille,
R., Guiot, J., Wirrmann, D. and Chalié, F.
2006: Quantitative reconstructions of annual rainfall
in Africa 6000 years ago: model-data comparison.
Journal of Geophysical Research 111, D24110.

Piani, C., Frame, D.J., Stainforth, D.A. and Allen,
M.R. 2005: Constraints on climate change from a
multi-thousand member ensemble of simulations.
Geophysical Research Letters 32, 1.23825.

Pinot, S., Ramstein, G., Harrison, S.P., Prentice,
I.C., Guiot, J., Stute, M., Joussaume, S. and PMIP
participating groups. 1999: Tropical paleoclimates
at the Last Glacial Maximum: comparison of Paleo-
climate Modeling Intercomparison Project (PMIP)
simulations and paleodata. Climate Dynamics 15,
857-74.

Prentice, 1.C., Jolly, D. and BIOME 6000 Parti-
cipants. 2000: Mid-Holocene and glacial-maximum
vegetation geography of the northern continents and
Africa. Journal of Biogeography 27, 507-19.

Prentice, I.C., Bondeau, A., Cramer, W., Harrison,
S.P., Hickler, T., Lucht, W., Sitch, S., Smith,
B. and Sykes, M.T. 2007: Dynamic vegetation
modelling: quantifying terrestrial ecosystem re-
sponses to large-scale environmental change. In
Canadell, J., Pitelka, L.F. and Pataki, D., editors,
Terrestrial Ecosystems in a Changing World, New York:
Springer-Verlag, 175-92.

Rind, D., Shindell, D., Perlwitz, J., Lerner, J.,
Lonergan, P., Lean, J. and McLinden, C. 2004:
The relative importance of solar and anthropogenic
forcing of climate change between the Maunder
Minimum and the present. Journal of Climate 17,
906-29.

Rougier, J.C. 2007: Probabilistic inference for future
climate using an ensemble of climate model evalu-
ations. Climatic Change 81, 247-64.

Schlesinger, M.E. and Mitchell, J.F.B. 1987:
Climate model simulations of the equilibrium climatic
response to increased carbon dioxide. Reviews of
Geophysics 25, 760-98.

Schneider von Deimling, T., Held, H., Ganolpolski,
A. and Rahmstorf, S. 2006: Climate sensitivity



500 Progress in Physical Geography 31(5)

estimated from ensemble simulations of glacial climate.
Climate Dynamics 27, 149-63.

Stainforth, D.A., Aina, T., Christensen, C., Collins,
M., Faull, N., Frame, D.J., Kettleborough, J.A.,
Knight, S., Martin, A., Murphy, J.M., Piani,
C., Sexton, D., Smith, L.A., Spicer, R.A.,
Thorpe, A.J. and Allen, M.R. 2005: Uncertainty
in predictions of the climate response to rising levels
of greenhouse gases. Nature 433, 403—-6.

Webb, M.J., Senior, C.A., Sexton, D.M.H.,
Ingram, W.J., Williams, K.D., Ringer, M.A.,
McAvaney, B.J., Colman, R., Soden, B.J.,
Gudgel, R., Knutson, T., Emori, S., Ogura, T.,
Tsushima, Y., Andronova, N., Li, B., Musat, I.,
Bony, S. and Taylor, K.E. 2006: On the contribution

of local feedback mechanisms to the range of climate
sensitivity in two GCM ensembles. Climate Dynamics
27, 17-38.

Wigley, T.M.L. 1994: Climate change — outlook
becoming hazier. Nature 369, 709-10.

Wigley, T.M.L., Ammann, C.M., Santer, B.D. and
Raper, S.C.B. 2005: Effect of climate sensitivity on
the response to volcanic forcing. Journal of Geophysical
Research 110, D09107.

Yokohata, T., Emori, S., Nozawa, T., Tsushima,
Y., Ogura, T. and Kimoto, M. 2005: Climate
response to volcanic forcing: validation of climate
sensitivity of a coupled atmosphere-ocean general

circulation model. Geophysical Research Letters 32,
L21710.



Copyright of Progress in Physical Geography is the property of Sage Publications, Ltd. and its
content may not be copied or emailed to multiple sites or posted to a listserv without the copyright
holder's express written permission. However, users may print, download, or email articles for
individual use.



