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How well do integrated assessment models simulate
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Abstract Integrated assessment models (IAMs) are regularly used to evaluate dif-
ferent policies of future emissions reductions. Since the global costs associated with
these policies are immense, it is vital that the uncertainties in IAMs are quantified
and understood. We first demonstrate the significant spread in the climate system and
carbon cycle components of several contemporary IAMs. We then examine these
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components in more detail to understand the causes of differences, comparing the
results with more complex climate models and earth system models (ESMs), where
available. Our results show that in most cases the outcomes of IAMs are within the
range of the outcomes of complex models, but differences are large enough to matter
for policy advice. There are areas where IAMs would benefit from improvements
(e.g. climate sensitivity, inertia in climate response, carbon cycle feedbacks). In some
cases, additional climate model experiments are needed to be able to tune some of
these improvements. This will require better communication between the IAM and
ESM development communities.

1 Introduction

Integrated Assessment Models (IAMs) have become a common tool for assessing
strategies to address climate change. They aim to describe the complex relations
between environmental, social and economic factors that determine future climate
change and the effectiveness of climate policy, in order to derive policy-relevant
insights (see e.g. Harremoes and Turner 2001; Hope 2005; Schneider 1997; Weyant
et al. 1996). Policy issues addressed by IAMs include determining the costs and
benefits of reducing future greenhouse gas emissions, identifying cost-effective emis-
sion reduction pathways to reach certain climate targets, investigating the type of
mitigation measures required for achieving a particular target and describing the eco-
nomic impacts of certain climate policies. In order to answer such questions, IAMs
typically describe the cause-effect chain of climate change from economic activities
and emissions to changes in climate and related impacts on e.g. ecosystems, human
health and agriculture, including some of the feedbacks between these elements. As
TIAMs aim to integrate different disciplines, they run the risk to become extremely
complex. In order to make their construction and use tractable, many IAMs use
relatively simple equations to capture relevant phenomena. This simplification is
most obvious for the climate system and carbon cycle, which, in many IAMs, consists
of only a few equations (Goodess et al. 2003). However, the behaviour of these
components can have a significant impact on IAM results and the quality of policy
advice, with the possibility of simplifications in the earth system projections leading
to imprecision (or even error) in projecting impacts and costs of mitigation (see also
Schimel 1998; Schultz and Kasting 1997; Smith and Edmonds 2006). These simplified
representations of the earth system are referred to as simple climate models (SCMs),
and can be used within the TAMs or as standalone models. Often the SCMs are
calibrated against more complex climate models.

As a contrast to SCMs, the most complex type of climate models are three
dimensional Atmosphere-Ocean General Circulation Models (AOGCMs), which
simulate the response of the atmosphere, ocean, land surface and cryosphere to a
change in climate forcing, such as increases in greenhouse gas concentration. It is now
technically feasible to couple AOGCMs to spatially resolved aerosol, atmospheric
chemistry and carbon modules, in which case they are called Earth System Models
(ESMs). Recently, there has been much interest in the interaction of the global
carbon cycle with climate and therefore effort has focused on coupling Dynamic
Global Vegetation Models (DGVMs, describing the global terrestrial carbon cycle
and/or dynamic vegetation) to the AOGCMs. An illustration of the difference in
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complexity of ESMs versus SCMs is their computing requirements. The ESMs mostly
run on supercomputers, taking anywhere from a few days to several months to
simulate 100 years, while the simplest SCMs can simulate the same period on a
personal computer in less than a second, albeit with much less detail. Between the
SCMs and AOGCM/ESMs are Earth System Models of Intermediate Complexity
(EMICs).

For EMICS, AOGCMs and ESMs regular comparisons have been made to assess
their behaviour and quality (e.g. Friedlingstein et al. 2006; Meehl et al. 2007; Plattner
et al. 2008; Randall et al. 2007; Sitch et al. 2008). These often reveal which variables
are robustly predicted by the models, the spread of models (which provides one esti-
mate of uncertainty in projections), and can highlight model outliers. For [AMs, such
a systematic quantitative model comparison of their climate system and the carbon
cycle behaviour has never been performed. A qualitative comparison has been made
by Goodess et al. (2003), while some papers have looked at the climate—carbon
cycle behaviour of individual IAMs. Schultz and Kasting (1997), Joos et al. (1999)
and Fiissel (2007), for instance, evaluated the behaviour of the DICE-1999 model
with respect to simulating climate and the carbon cycle. Individual SCMs developers
discuss the quality of their calibration in comparison to more sophisticated models
as well (e.g. Hope 2006; Meinshausen et al. 2008). Finally, Van Vuuren et al. (2008)
run selected scenarios from different IAMs through two standard climate models in
order to identify uncertainty ranges.

As argued for by Schneider (1997), transparency and ‘validation’ tests for sub-
components are essential to ensure policy-relevance of IAMs. In this article, we
systematically explore the behaviour of the climate system and carbon cycle in
different IAMs and compare the outcomes to results of more complex models—
both for individual outcomes and the overall range. We first look at the results of
EMF-21, a large IAM modelling comparison exercise on multi-gas scenarios (see
van Vuuren et al. 2006; Weyant et al. 2007) and demonstrate the wide spread within
TIAMs in linking greenhouse gas emissions to concentrations. In order to understand
the reasons for differences in IAM behaviour, we then develop a set of stylised
experiments for a selected set of IAMs. Since most of these experiments have also
been performed by AOGCMs, ESMs or EMICs, we evaluate the behaviour of these
TIAMs against a selection of these more sophisticated models.

2 Methods
2.1 Integrated assessment models

The first [AMs dealing with the causes and consequences of climate change were
developed in the late 1970s. Examples include models by Nordhaus (1979) and
Hifele et al. (1981). These models typically only included atmospheric CO, con-
centration and temperature change as environmental variables. Subsequently, TAMs
were extended further and more physical detail was added (e.g. Mintzer 1987; Lashof
and Tirpack 1989; Rotmans et al. 1990). Since then, a large number of such models
have been developed (see also Schneider (1997) for an overview of the development
history). In 2002, van der Sluijs (2002) listed more than 50 climate change IAMs.
Over the last decade, some IAMs have expanded their coverage in terms of land use
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and terrestrial carbon cycle representation, non-CO, gases and air pollutants and
by looking into specific impacts of climate change (e.g. water and human health).
TAMs can be distinguished in different categories (Goodess et al. 2003; van Vuuren
et al. 2006). Some IAMs have a stronger focus on economics, such as multi-sectoral
computable general equilibrium models that are combined with climate modules and
models focussed on cost-benefit analysis. Other IAMs are more focussed on the
physical processes in both the natural system and the economy (integrated structural
models/biophysical impact models).

The degree of simplification of the carbon cycle and climate system depends
on the purpose of the model (Goodess et al. 2003). In IAMs focussing on cost—
benefit analysis (e.g. DICE, FUND and MERGE (see Table 1) the carbon cycle
and climate system are often strongly simplified. Typically, the fate of atmospheric
CO, is a function of the emission or concentration level, while the fate of non-
CO, greenhouse gases is given by a box model with constant life times. Resulting
concentrations are directly used to calculate radiative forcing. Next, changes in
equilibrium temperature are derived from changes in radiative forcing, and a simple
delay function is typically used to estimate transient temperature change. IAMs
focussing more on physical processes typically have more detail in the representation
of climate and carbon cycle. In fact, most of these [AMs use an upwelling-diffusion
energy balance model in combination with a representation of the global carbon cycle
(e.g. MAGICC) to describe both the fate of greenhouse gases and climate change at
a global scale. Additionally, changes in global climate are sometimes downscaled to
provide grid-scale climate parameters, which can be used as an input to drive grid
level agricultural growth models. Going beyond that some IAMs include a detailed
description of the terrestrial carbon pools at a grid scale, thereby incorporating some
of the complex feedbacks between climate, carbon cycle, land cover and land use [e.g.
IMAGE (Bouwman et al. 2006)]. In some cases, [AMs are even directly coupled to
an EMIC [e.g. MIT IGSM (Sokolov et al. 2005)].

2.2 EMF-21 comparison

In EMF-21, a total of 18 modelling groups collaborated in developing a set of multi-
gas scenarios (see van Vuuren et al. 2006; Weyant et al. 2007). The model groups
were asked to submit a model preference baseline and two scenarios aiming at
stabilising radiative forcing at 4.5 W/m? between 2100 and 2150 (targeting all gases
and CO;-only). The fact that all participating IAMs developed stabilisation scenarios
for the same target allows for an interesting comparison of the implications of
different representations of atmospheric chemistry, the carbon cycle and the climate
system.

We run the reported emissions of 11 models (using only those models that covered
at least CO,, N,O, CHy4) in MAGICC-4 (Wigley and Raper 2001). The choice of
MAGICC is not critically important for our purpose here: what matters is that the
greenhouse gas emissions from the different IAMs are applied to the same SCM.
Even though the emission pathways of the IAMs differ (as a result of differences in
assumed mitigation costs, reduction constraints etc), they should all — by definition -
lead to a radiative forcing near 4.5 W/m? within the original IAM. If running the
emission paths of the different IAMs in one standard climate model (i.e. MAGICC)
leads to very different radiative forcing levels, this be indicative of differences in
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the atmospheric chemistry, carbon cycle and climate parts of these IAMs. The
experiment thus allows us to compare a large range of models, but it does not provide
much insight into the underlying causes of differences.

The key climate parameters within MAGICC are set to the median values from
the Met Office Hadley Centre derived probability distribution functions of the
climate sensitivity (based on Murphy et al. 2004) (i.e. 3.2°C), the ocean diffusivity
(based on IPCC 2001) and the carbon cycle climate feedback parameter (based
on a fit of the outcomes of Friedlingstein et al. (2006)). The MAGICC model is
driven by observed greenhouse gas concentrations up to 1999 and by the emissions
from the EMF-21 models from 2000 onwards. It should also be noted that not
all of the 11 TAMs provided emissions data for halocarbons and air pollutants
(including sulphur and NO,) (five models had some missing emissions data). Here,
the average emissions from the six [JAMs without missing data were used to replace
missing emissions data in the remaining simulations. As in most IAMs, these forcing
categories are small in 2100 (van Vuuren et al. 20006), it is expected that this has only
a small impact on our main conclusions (but diverging results of the five IAMs with
missing data could be partly explained by this).

2.3 Detailed comparison

The second set of experiments focussed on the detailed behaviour of selected IAMs.
Specifically, we tried to answer the following questions:

1. What is the equilibrium temperature level for a particular stabilisation of radia-
tive forcing?

2. What is the transient temperature response before temperature stabilisation is

reached?

How does radiative forcing respond to changes in CO, concentration?

4. How does the carbon cycle behave (including feedbacks), i.e. what is the rela-
tionship between CO, emissions and CO, concentration?

5. What is the overall model behaviour under a high emission scenario?

6. What is the overall model behaviour under a stringent overshoot mitigation
scenario?

w

These questions more-or-less follow the causal chain from emissions to concentration
to radiative forcing to temperature change in a reversed order and have been used to
structure the paper. For reasons of simplification, we have decided to focus solely on
CO, emissions, thus leaving the concentration of all other gases at their pre-industrial
values. We have selected a group of IAMs for these experiments. The IAMs were
selected based on their wide application in policy-relevant assessments and on their
availability to include them in these experiments. These IAMs are DICE99, DICE(Q7,
FUND, IMAGE, MERGE, PAGE and the SCM MAGICC-4 (see Table 1 for a brief
description and references). While MAGICC is not strictly an IAM, it is used within
many more complex IAMs to model the carbon cycle and climate system, including
MiniCam (Edmonds et al. 2004), MESSAGE (Riahi et al. 2007) and CIAS (Warren
et al. 2008) In the comparison, we used the MAGICC-4 model (Wigley and Raper
2001) that uses the same settings as applied in the Third Assessment Report. The
IMAGE model uses MAGICC-4 for its climate system model—which implies that
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some of the results presented in this paper are identical for IMAGE and MAGICC-
4—but uses its own carbon cycle model. For DICE, an updated version has recently
become available (DICEQ7). However, as the DICE99 version has been applied
frequently over the last few years and was also included earlier in evaluations of
climate and carbon cycle behaviour of IAMs, we have also used this older version.
For PAGE, in most graphs the 5%, mean and 95% outcomes are shown because the
PAGE model results are usually presented in a probabilistic way.

In order to answer the questions raised above, the following stylised experiments
were run for all IAMs listed in Table 1:

(a) Step increase in radiative forcing. An instantaneous increase of radiative forcing
was introduced to a level corresponding to doubling of the pre-industrial CO,
concentration (3.7 W/m?), recording the change in global mean temperature.
The experiment provides insight into the climate sensitivity of the different
models (question 1), and in the temporal development of temperature change
(question 2) under an instantaneous increase in forcing.

(b) 1% annual increase in CO, concentration (2xCO, experiment). The CO,
concentration was increased by 1% annually starting from pre-industrial levels
in year zero (using 1860 concentration). After 70 years, when a doubling is
reached, concentrations were held constant. This experiment is run regularly for
complex climate models (Randall et al. 2007). We use this experiment to analyse
the transient temperature response (question 2). Additionally, this experiment
is used to examine the relationship between CO, concentration and radiative
forcing as included in the IAMs (question 3).

(c) CO; decay. In this experiment, a short term CO, emission pulse was introduced
in year zero that instantaneously leads to a doubling of the CO, concentra-
tion in the atmosphere. The subsequent time evolution of atmospheric CO,
concentration was recorded. This experiment provides insight into the overall
behaviour of the carbon cycle (question 4). This experiment has been run in the
past with more complex carbon cycle models (e.g. Hooss et al. 2001; Joos et al.
1996; Maier-Reimer and Hasselmann 1987).

(d) High CO, emissions. In this experiment, CO, emissions followed a historic
trajectory from 1860-2000 and the SRES A2 baseline from 2000-2100 (Naki-
cenovic 2000). After 2100, emissions were held constant until 2200 (see Fig. 1).
All other forcings are kept at pre-industrial levels. The experiment is done
in two modes: (1) the carbon cycle reacts to elevated CO, concentrations
and to changes in temperature and precipitation and therefore the natural
feedbacks between atmosphere, ocean, vegetation and changing climate are
included (coupled mode) and (2) the climate feedbacks (temperature and
precipitation) are switched off (uncoupled).! The experiment is similar to the
C4MIP experiments (Friedlingstein et al. 20006).

Most of the IAMs included in this comparison do not include a climate (temperature or precipita-
tion) effect on the carbon flows between ocean, atmosphere and vegetation. Therefore this difference
is only important for IMAGE, MAGICC and PAGE.
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(e) Low CO; emissions scenario. This experiment is similar to experiment d, but
CO, emissions after 2000 followed a mitigation scenario aimed at stabilising
greenhouse gas concentrations at 450 ppm CO,-eq. (Fig. 1). This scenario had
been developed by the IMAGE model for the ENSEMBLES project, and is
subsequently called E1 (Lowe et al. 2009a).> As in experiment d, “coupled”
and “uncoupled” simulations were also performed where possible.

Experiments d and e are used to assess the feedbacks between climate and carbon
cycle, by comparing results from the coupled and uncoupled mode as in C4MIP
(question 4) (see for more detail the results section). Additionally, they are used to
investigate the overall climate response of the TAMs under a high emission scenario
(question 5) and a stringent overshoot mitigation scenario (question 6). Experiments
d and e closely correspond to the experimental design of the new scenario devel-
opment for IPCC (Moss et al. 2008) which envisions that the information from the
complex climate models is compared to and fed back into the original IAM scenarios.
In that context, the results of this paper are also directly relevant for the new IPCC
exercise.

Throughout our analysis, we compare our results with those from more complex
models. For experiment a, b and d (up to 2100), direct information was available from
IPCC-AR4 (Randall et al. 2007) and the C4MIP model comparison (Friedlingstein
et al. 2006). For the other experiments, we used dedicated “expert model” runs (the
term expert model refers here to models that have a more elaborate representation
of the relevant dynamics than IAMs and are compared on a regular basis to other
sophisticated models in the field). For experiment ¢, we have used new model runs of

2The E1 scenario is derived from an implementation of the A1 baseline. In terms of development
of emissions and the most important reduction categories, it is comparable to earlier scenarios
developed using the IMAGE model derived from the B2 baseline. A detailed description of those
scenarios can be found in Van Vuuren et al. (2007). For the purpose of this article, only the emission
trajectory is relevant.
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the Bern2.5CC model. This model is a reduced complexity climate model (Plattner
et al. 2008) that especially includes a detailed description of the carbon cycle. For
the low emissions scenario experiment e, no direct information for comparison was
available. Therefore, we have run the Hadley model HADSCCCM1 (Huntingford
et al. 2009) and the MAGICC 6.0 model (Meinshausen et al. 2008) for comparison.
Both are simple global average climate models that have been calibrated to the
C4AMIP results. This allows an indirect comparison of the IAM model runs and
C4AMIP. In Appendix A, we show the performance of both models against the
original C4MIP dataset, indicating that for the original A2 run, both models indeed
are able to reproduce the behaviour of the full C4AMIP set. Further research, however,
is being conducted to confirm whether the calibration of these simple models is still
valid at low concentration levels and for overshoot scenarios (Lowe et al. 2009a).

3 Do differences in climate system and carbon cycle representation of IAM model
matter?

The MAGICC-4 results for the 4.5 W/m? stabilisation runs of 11 IAMs selected
from the EMF-21 study are shown in Fig. 2 (as indicated in the method section,
the MAGICC-4 version as applied in this paragraph is run with MetOffice medium
parameter settings). While the emission trajectories reportedly lead to stabilisation
at 4.5 W/m? in the corresponding IAM (with its specific carbon cycle and climate
representations), running them in the MAGICC-4 model may not necessarily lead
to a similar forcing. These differences in forcing are (at least partly) indicative of
the importance of different representations of the carbon cycle and climate system
in different IAMs. The results show that most models end up in MAGICC-4 the
results near the 4.5 W/m? target. Still, the spread of the models with “comparable”
behaviour is up to 0.5 W/m?. The models AIM, COMBAT and FUND show larger
differences. In the case of AIM, the difference can be explained by a different
trajectory for sulphur than in most other models (higher emissions and less reduction
under climate policy) (see Table 2). For COMBAT and FUND, the differences are
caused by significantly different CO, emissions compared to other models (high
in COMBAT and low in FUND). Consequently, the CO, concentration and total
radiative forcing for COMBAT are the highest of all the models, while FUND has the
lowest CO, concentrations and one of the lowest forcings (Fig. 2). The corresponding
temperature change in this MAGICC-4 model (with a climate sensitivity of 3.2°C)
follows the radiative forcing trajectories; the majority of models reach a value of
2.5°C and 3°C by 2100. The results suggest that there are considerable differences
among IAMs, and the experiments in the next sections will assess in more detail
where these differences lie.

4 Detailed comparison of carbon cycle and climate system representation in IAM
models

4.1 What is the equilibrium temperature response?

An important variable that is used to describe the temperature increase as a result
of an increase in greenhouse gas concentration in the atmosphere is the so-called
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Fig. 2 MAGICC-4 outcomes for the EMF-21 emission trajectories aiming at stabilization at
4.5 W/m? as reported by Weyant et al. (2007): a CO, concentration, b radiative forcing and

¢ temperature

climate sensitivity. It is commonly defined as the equilibrium change in global mean
temperature (ATy) that results from a radiative forcing (AF,x) corresponding to
a doubling of atmospheric CO, concentration. The equilibrium climate sensitivity

Table 2 MAGICC-4 results for radiative forcing and relative contribution of halocarbons and
sulphur (S) in 2100 using the EMF-21 emissions data

Model Radiative forcing (Wm~2) Ratios
2(CO, Y Halocarbon =S Y Halocarbon/ S/E(CO,,
CH4,N,0) 2(CO,,CH4,N,0) CH4,N,0)
(%) (%)
AIM 4178 0.152 —0.837 4 -20
EPPA 4.789 0.129 —-0.974 3 —20
IPAC 4.409 0.505 —0.416 11 -9
IMAGE 4.383 0.224 —0.240 5 -5
MESSAGE 4.372 0.232 —0.530 5 —12
MiniCAM 4.325 0.226 —0.282 5 -7

Only models that all greenhouse gas species into account have been included
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AT, = AF/« is inversely proportional to «, where o is a measure of the strength
of the feedback processes in the system. The equilibrium climate sensitivity is a
straightforward, aggregated measure of how the climate responds to an increase in
radiative forcing and is in fact used to calibrate SCMs. In 3D AOGCMs the climate
sensitivity is not prescribed, it is an emergent property of the model. According to
the IPCC’s fourth assessment report, the likely range of climate sensitivity is between
2°C and 4.5°C (and very likely to be above 1.5°C, while values above 4.5°C cannot
be ruled out), and AF,, approximately equal to 3.7 W/m? (Meehl et al. 2007).

As described above (Section 2.3, experiment a), we apply an instantaneous
increase to a forcing of 3.7 W/m? to all IAMs, and record the simulated temperature
over a period of 300 years (Fig. 3). As all models use climate sensitivity as an explicit
model input, the comparison between this (reported) parameter and the temperature
change after 300 years shows that by this time all but the slowest responding models
have come close to a new equilibrium temperature (Table 3).

Table 3 Comparison of reported climate sensitivity, the temperature increase after 300 years in
response to a 3.7 W/m? forcing, and the ratio between the 100 year and 300 year response (as a
measure of how fast the equilibrium temperature is reached)

Model Reported CS T-3.7 (300 years) T-3.7 (100 years/300 years)
(°C) (°O) (-)

DICE99 2.9 (check) 2.24 0.93

DICE07 3.0 2.77 0.90

FUND 2.5 2.16 0.87

IMAGE 2.5 (2.31)

MAGICC-4 2.5 2.31 0.90

MERGE 2.5 2.34 0.98

PAGE (mean) 3.0 3.05 0.86
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In all TAMs, climate sensitivity is an exogenous model parameter, and the reported
values used in their standard set-up are indicated in Table 3. The climate models of
FUND, MERGE, DICE and PAGE consists of two simple equations: (1) relating
the change in radiative forcing (AF) to a change in temperature (AT) on the basis
of climate sensitivity as described above, and (2) a fixed delay between actual
and equilibrium temperature. This is equivalent to assuming that all heat added
to the ocean is trapped in a single well mixed layer. MAGICC-4 contains a far
more complex description of heat transfers between different atmosphere and ocean
layers.

The temperature increase of DICE07 and PAGE (mean) approaches 3°C in 2200,
which is consistent with the most likely value for climate sensitivity reported in the
IPCC’s Fourth Assessment Report (Meehl et al. 2007). The outcomes of the other
models cluster around 2.2-2.3°C, largely determined by an exogenously set value
for climate sensitivity of 2.5°C [based on the common interpretation as a median
value reported in IPCC’s Third Assessment Report (Wigley and Raper 2001)].
This implies that the long-term temperature increase of all IAMs are within the
sizeable uncertainty range for equilibrium temperature increase reported currently
by IPCC—but many of them are in the lower part of this range. Specifically for
FUND, it can be added that the 2200 warming of 2.2°C in this experiment is caused
by the fact that this model assumes the forcing for a CO, doubling to be 4.3 W/m?
(and not 3.7 W/m?). In the equation used in FUND to calculate the equilibrium
warming (ATeq = AFq/AF, x ATy), the model divides the exogenously set forcing
of 3.7 W/m? by the expected forcing for a CO, doubling, resulting in a lower
temperature increase than expected by the climate sensitivity (see also Section 4.3
for more details).

4.2 What is the transient temperature response?

For climate policy, the transient climate response is arguably as important as the
equilibrium response. This is in particular the case for so-called overshoot scenarios
with a peak in radiative forcing level (to avoid short-term stringent reductions)
followed by a decline later on (den Elzen and Van Vuuren 2007; Huntingford and
Lowe 2007) (see also Section 4.7). Due to the slow response of the climate system,
the equilibrium temperature corresponding to the peak in radiative forcing is never
reached. Additionally, not the equilibrium temperature, but the actual temperature
in each time step determines the impacts in IAMs. In cost-benefits analyses (for
which IAMs are often used) usually some form of discounting is applied: a financial
flow in the future is given less value than the same financial flow today. An important
reason for this is that current finance can be invested, creating an (expected) positive
return. Moreover, as future societies are likely to be richer, the same amount of
money is also simply assumed to be less valuable to them. The mechanism of
discounting is a crucial factor in an optimal balance between the costs and benefits
of climate policy, making the timing of temperature increase (and thus financial
damages) very relevant (Hof et al. 2008). If the equilibrium temperature level is
reached only slowly, this will lead to a lower damage estimate than if the same
temperature increase is reached earlier in time. The rate of temperature change (i.e.
the transient temperature change) depends on all the interacting processes that affect
energy input, output, and storage in the ocean.
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Useful information on the transient warming response times of the IAMs and
SCMs can be extracted from the step increase in forcing experiment (Section 4.1).
However, rather than the final temperature, we now focus on the rate at which the
final temperature is approached (Fig. 3). The response time varies across models,
from a very rapid response in MERGE to a slow response in FUND and PAGE. The
results of the DICE are most comparable to MAGICC-4, but with a slower initial
response. The same information can also be illustrated by calculating the 100 year
warming as fraction of the 300 year warming (Table 3). It should be noted that the
response of some models cannot be precisely explained by a single time constant.
For instance, the MAGICC-4 model (and thus also IMAGE) shows a rapid early
response, but a much slower eventual response approaching equilibrium. The results
of DICE are most comparable to MAGICC-4, but with a slower initial response. The
initial PAGE response is slower than many of the other IAMs, but, partly due to the
higher climate sensitivity, it has the largest warming after about 100 years (Table 3).

An alternative way to characterise the time evolution of warming is using the so-
called transient climate response (TCR), which is defined as the temperature increase
after 70 years of a scenario with a 1% compound increase in CO, concentrations
per year, starting from pre-industrial. This measure is particularly useful as more
AOGCMs have run the 1% experiment than the step forcing experiment. The range
of TCR values serves to illustrate differences in model response. Figure 4 shows these
results of the IAM experiments and compares the results with those reported in
IPCC’s AR4 (Randall et al. 2007) (for these, the 10th-90th percentiles are shown,
as well as the mean).

We observe that the spread in AOGCM temperatures increases during the period
of increasing forcing, and remains approximately constant when forcing is stabilised.
Most IAMs remain within the variation of results for the more complex AOGCMs.

4 TCR 44 e Climate Models
; .~ Climate models:
grey area: 10"-90" perc. : '\FAUEI\FIQSE
dark grey line: mean ) > PAGE
34 L A "z; 34 > PAGE-ranges
A bbb bbb @ < DICE99
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Fig. 4 Results for experiment b, with an annual 1% increase in CO; concentration (starting
from 1860 concentration), followed by constant concentration after doubling has been reached.
Temperature as a function of time (/eft) and climate sensitivity versus transient climate response
(TCR) (right). The TCR equals the temperature change increase at the time reaching the constant
concentration. Climate model results from Randall et al. (2007)
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The mean result from PAGE is on the high end of the range of the climate model
outcomes after 100-150 years, but has a medium outcome in the preceding period,
consistent with the step forcing experiment (the 5-95% percentile follow the ranges
of the AOGCMs at first, but later, the high end of the PAGE range ends up
considerably higher than this range). The response in DICE99 and especially FUND
is slower than that of the comprehensive models included in the IPCC AR4 range. As
both models are run often for cost-benefit analysis, this is a crucial finding, as it delays
eventual impacts further into the future, implying that these are therefore discounted
more strongly. Thus, compared to a faster response of similar eventual warming,
a cost minimisation calculation will conclude that there is less need for abatement
or adaptation. In DICEQ7, the earlier DICE99 response time has already been
corrected, allowing a significantly more rapid response. The MAGICC-4 model (and
thus the IMAGE model) are characterised by a relatively rapid short-term response,
but by a moderate long-term response. Interestingly, in the complex climate models,
there seems to be a more noticeable change in trajectory of temperature increase
once the equilibrium concentration is reached (around year 70) than in many of the
TAMs. This AOGCM behaviour is also noticeable in MAGICC-4 and may be due
to multiple ocean layers. The slow response times in some IAMs also suggest that
they would not be suitable for looking at rapid radiative forcing changes (such as e.g.
associated with volcanic forcing).

4.3 What is relationship between greenhouse gas concentration and radiative
forcing?

In the IAMs, the link between greenhouse gas concentration and climate change
is not only determined by the climate response to an increase in radiative forcing,
but also by the increase in radiative forcing as a function of concentrations. The
relationship between the CO, concentration and corresponding radiative forcing is
in all TAMs defined by a logarithmic, expressed as RF = a x In (CO,/CO; ret) (Fig. 5).
However, the value of the constants, a and CO»,..; varies between models. Reference
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values from IPCC’s third assessment report lead to a value 3.7 W/m? for a doubling
of the CO, concentration (Ramaswamy 2001). The value for “a” in MAGICC-4,
IMAGE, MERGE, DICEQ7 and PAGE are all based on this value and therefore,
these models all cluster together in Fig. 5. The COy/radiative forcing curves of
FUND and DICE99 form outliers on the high side, while the PAGE model has a
slightly lower forcing (Fig. 5). In the case of FUND, this is caused by the fact that it
uses parameters derived from IPCC’s First Assessment Report (Shine et al. 1990),
which at that time assigned a considerably higher forcing level to CO, (4.3 W/m?
for a doubling of the concentration). The difference between FUND and the other
models is in fact considerable. At a CO, concentration of 650 ppm, the difference
in forcing between FUND and the cluster of models is 0.7 W/m? (Fig. 5). This is
also the cause of lower CO, a concentration in FUND in Fig. 2. In order to arrive
at the 4.5 W/m? target, based on the older CO, forcing factor, FUND has to reach a
CO, concentration of around 575 ppm instead of 650 ppm—thus also requiring much
lower emissions than other models. It should, however, be noted that in FUND the
equilibrium temperature response is defined by the climate sensitivity divided by the
same CO, forcing factor. As a result, variations in forcing and climate sensitivity
compensate each other if the models are run on the basis of emission trajectories or
temperature targets (which is their usual mode of operation).

4.4 How does the carbon cycle behave?

Thus far, we have looked at how IAMs calculate the amount of warming for a
certain increase in forcing, and how they determine radiative forcing from a given
increase in atmospheric CO, concentration. Another crucial step in the causal
chain from emissions to temperatured change is to calculate the atmospheric CO,
concentration as a function of emissions. At present, about 50% of the anthropogenic
CO, emissions are rapidly taken up by the terrestrial biosphere and the ocean.
During the past decade, a number of complex model studies have suggested that the
airborne fraction, i.e. the amount of annual anthropogenic CO, emissions remaining
in the atmosphere, might increase in future due to climate change (Cox et al. 2000;
Friedlingstein et al. 2006).

A common way to characterise the response of carbon cycle models is to put a
single large pulse of emissions into the atmosphere and monitor the simulated decline
over time as the carbon is transferred from the atmosphere to the natural carbon
reservoirs in the terrestrial biosphere and the ocean. Complex carbon cycle models
show that, after an initial rapid decline, the rate of removal is limited by the carbonate
chemistry in the ocean leaving about 20% of the original CO, airborne until it is
finally stored in deep sediments (millennia time scale). The feedbacks with climate
change can further complicate the rate of decline.

In DICE, MAGICC-4 and IMAGE, the carbon cycle is represented by different
carbon pools with representative exchange rates (with increasing complexity from
the simple DICE model to several terrestrial carbon pools in each 0.5 x 0.5 grid cell in
IMAGE). Both IMAGE and MAGICC-4 also explicitly represent carbon uptake by
the ocean and terrestrial biosphere (see also Table 1). PAGE, MERGE and FUND
represent the carbon cycle by a simple impulse-response function. The functions
of MERGE and FUND are based on Maier-Reimer and Hasselmann (1987). The
functions of Maier-Reimer and Hasselmann (that are calibrated to a single coupled
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atmosphere-ocean coupled model) consist of five integrals, each of which having
a typical exponential decay time and receiving a certain fraction of the emissions.
Three sets of parameters are provided for a pulse emission that increases the carbon
dioxide concentration to 1.25x, 2x and 4x the pre-industrial CO, concentration
(CO2 pre-ina), respectively. The parameters for the first two experiments lie close
together, while the third set has some significant changes (and thus behaviour,
leading to a higher net response time). In fact, this implies that the carbon response
can not be represented precisely over a range of different concentrations by one
single impulse model. The MERGE model uses the parameters derived from the
1.25% CO3 pre-ing pulse, while FUND uses the parameters corresponding to the 2x
CO3 pre-ind pulse. The pulse-response function in PAGE only includes one exponen-
tial decay time, in combination with a fraction of the emissions that is removed
immediately.

Our first experiment for exploring the carbon cycle representation in IAMs uses
an instantaneous pulse emission resulting in a doubling or quadrupling of the pre-
industrial CO, concentration. While the experiment was performed in the past for
AOGCMs and EMICs (e.g. Hooss et al. 2001; Joos et al. 1996; Maier-Reimer and
Hasselmann 1987), here, we use dedicated runs of the Bern2.5CC EMIC as point
of reference for a more complex carbon cycle representation. We also compare
results with the results of the MAGICC-6 model, which has recently been calibrated
against the C4MIP outcomes. The left part of Fig. 6 shows the fraction of CO,
remaining airborne in the ‘doubling’ experiment, while the right part shows the
airborne fraction after ‘quadrupling’ compared to fraction after ‘doubling’. As the
carbon cycle in PAGE is strongly influenced by climate feedbacks, both PAGE and
the reference model Bern2.5CC were run with (COU) and without (UNC) climate
feedbacks on the carbon cycle.

—*—MERGE DICE99 MAGICC-6 range
—=—FUND —»— DICEO7 : Bern_COU
104  —_a_PAGE a— IMAGE 1504 (90th percentile)
—A—PAGE-UNC —+*—MAGICC-4
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Fig. 6 Fraction of CO; remaining in the atmosphere after a pulse emission in 1860 that leads to a
doubling of pre-industrial CO, concentration (/eft) and the ratio between the atmospheric fraction
for a pulse leading to quadrupling and doubling of concentration (right) (UNC indicates a model run
without climate feedbacks for PAGE and Bern2.5CC); MAGICC-6 (grey area), Bern2.5CC and MH
(Maier-Reimer and Hasselmann) added as references for comparison
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Table 4 Fraction of CO;
remaining in the atmosphere
after a pulse emission that

Time period after pulse
50 yr 100 yr 150 yr 300 yr

leads to a doubling of MERGE 0.53 0.41 0.34 0.24
pre-industr.ial CO, FUND 0.48 0.37 0.30 0.22
concentration PAGE-COU 0.50 0.49 0.53 0.70
PAGE-UNC 0.48 0.39 0.33 0.25
IMAGE 0.41 0.32 0.28
DICE99 0.41 0.31 0.23 0.11
The abbreviations COU and DICEO7 0.45 032 026 0.16
UNC refer to the experiments MAGICC-4 0.41 0.32 0.29 0.24
with (COU) and without Bern25CC-COU  0.44 0.34 0.29 0.23
(UNC) climate—carbon cycle
feedbacks Bern2.5CC-UNC 0.37 0.28 0.24 0.19

The results show that the “doubling” pulse emission (left part of Fig. 6 and
Table 4) leads to a relatively rapid decay in DICE99 and (in the long run) DICE(7, a
somewhat slow decay (in the first 200 years) in MERGE, and a behaviour in PAGE
that is clearly different than that of the expert models. All other models compare
well to the results of the Bern2.5CC model and the range resulting from the C4MIP
calibrated MAGICC-6 model. The results for the DICE99 model were discussed
earlier in detail by Joos et al. (1999). They described the very rapid decay in DICE99
as “neglecting first-order physical principles and conflicting with models used in the
carbon cycle community”. The DICE(O7 model has a slower decay although after
150 years still clearly faster than the Bern2.5CC (reference) results. For PAGE,
the runs with the climate carbon cycle feedback first shows the typical decrease
for the atmospheric CO, concentration, but the concentration increases again after
about 100 years. That is caused by the “carbon cycle feedback” in PAGE being
represented by a temperature dependent natural emission factor (see further in the
article a comparison of this feedback to more complex models). The magnitude of
the feedback in PAGE is much larger than in the Bern2.5CC reference model. The
mean result from the PAGE model run with the feedback switched off (labelled at
PAGE-U in Fig. 6) complies closely with the more complex carbon cycle models.

The rate of CO, removal from the atmosphere depends on the CO, concentration
due to non-linearities in the ocean inorganic carbon chemistry: the higher the total
amount of inorganic carbon in the ocean, the lower the capacity of the ocean to take
up additional CO, from the atmosphere [an effect know as the Revelle or Buffer
factor of the ocean (Revelle and Suess 1957)]. This means that at higher atmospheric
CO,, the relative rate of CO, removal by the ocean is reduced. This is shown on the
right side of Fig. 6 by the higher atmospheric fraction for the quadrupling experiment
compared to the doubling experiment for the Bern 2.5CC model, MAGICC-6 model
and the response functions reported by Maier-Reimer and Hasselmann (1987).
Interestingly, this non-linear effect is very poorly represented in the ITAMs. Only the
MAGICC-4 and IMAGE models (that uses the ocean component of the BernCC
carbon cycle model (Joos et al. 1996)) show a similar behaviour (although somewhat
reduced in MAGICC-4). In almost all other IAMs, the rate of decay is more-or-less
similar in both experiments. In default PAGE mode (COU, i.e. with climate-carbon
cycle feedback) the rate of decay in fact increases at higher concentrations as a result
of the climate feedback (in the version without any feedback, the rate is independent
of the concentration). Interestingly, both MERGE and FUND are based on a single
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Fig. 7 Fate of emissions under standardized emission scenario (A2); carbon in ocean/biosphere
pools (left) and in atmosphere (right). Results for climate models from Friedlingstein et al. (2006)
(coupled runs only)

pulse function of Maier-Reimer and Hasselmann (1987) and therefore, their re-
sponse to concentration is by definition linear.

In addition to the rate of removal in response to emission pulses, we can also look
at the fate of CO; emissions for more policy relevant emissions profiles: Fig. 7 shows
the fate of carbon dioxide emissions for the SRES A2 emissions profile (experiment
d, see also Fig. 1 and Section 4.6). Carbon emissions finally end up in the atmosphere,
the ocean or the terrestrial biosphere. To allow inclusion of even the simplest models
in our comparison, however, we need to distinguish only the atmosphere and the
other two reservoirs.> These results of the removal under the A2 emission profile
can be directly compared to the complex models included in the C4MIP model
comparison study (Friedlingstein et al. 2006). Figure 7 shows that the TAMs all lead to
a carbon storage fraction in the atmosphere within the range of the complex models,
though somewhat at the low end for most of the century. By the end of the century,
however, this is not the case any more, as some of the C4AMIP models have a relatively
strong feedback from temperature on the carbon cycle (see below).

4.5 How does the climate—carbon cycle feedback behave in [AMs?

The carbon cycle response depends not only on the atmospheric CO, concentration,
but also on climate feedbacks through temperature and precipitation changes. As
shown by Friedlingstein et al. (2006), these impacts on the carbon cycle can be very
substantial. In general, they decrease the net absorption of CO; by the ocean and
(for all models included in the C4MIP study) the terrestrial biosphere in simulations
where climate change is accounted for compared to simulations where climate is kept
constant. The terrestrial biosphere even becomes a source in some models over the

3The additional carbon in the ocean/biosphere pools can be determined by subtracting the additional
carbon remaining in the atmosphere from the total cumulative emissions.
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course of the twenty-first century (Cox et al. 2000; Dufresne et al. 2002; Friedlingstein
et al. 2001; Joos et al. 2001). Many IAMs, however, do not include a process-
based formulation of the carbon cycle and completely lack a climate feedback. Of
the models included here only MAGICC-4, IMAGE, and PAGE include a climate
feedback on the carbon cycle. The feedbacks included in IMAGE are already rather
complex, as they involve grid-level carbon pools (respiration, decay and growth
rates), land-cover (types of biomes) and land-use (agricultural area).

The climate-carbon feedbacks of MAGICC-4, IMAGE and PAGE are studied
by running the same experiments as in C4MIP with the carbon cycle being either
coupled or uncoupled to the changing climate (Friedlingstein et al. 2006). While the
C4MIP experiment used only the SRES A2 emissions scenario, we here carry out the
experiment for both the high A2 emission pathway and a mitigation pathway (E1)
in both cases considering solely the CO, emissions (see Fig. 1; and also Section 4.6
and Section 4.7 for a complete discussion of the results of these scenarios). As no
ESM data are currently available for the E1 scenario, we instead use the results of
HadSCCC1 and MAGICC-6, which has been calibrated to the C4AMIP models (see
Appendix A).

Figure 8 shows the climate-carbon feedback for the IAMs and compares them to
the C4MIP results. The climate-carbon cycle feedback is usually computed as the
difference of a simulation in which the carbon cycle was allowed to respond to both
changes in atmospheric CO, concentration and climate change (the coupled run;
COU), and a second simulation in which the carbon cycle model only experienced
the CO,; concentration increases (the uncoupled run; UNC).

In PAGE, all feedbacks (ocean and vegetation) are represented by an aggregated
equation that relates a natural emission term (instead of uptake) to temperature.
This includes changes in ocean take-up. The emission term is calibrated to results
in IPCC’s Third Assessment Report and is assumed to be linear to temperature.
For the A2 run, the mean PAGE numbers are well within the C4MIP range. For
E1, however, the feedback also increases over time and seems to be much larger
than in the HadSCCC1 model. The feedback results in mean concentrations from
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Fig. 8 Temperature feedback on the carbon cycle measured as the difference in CO, concentration
in the coupled and uncoupled run for the A2 (left) and the E1 scenario (right). Climate model results
(in grey) are from Friedlingstein et al. (2006)
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the PAGE model continuing to increase even after anthropogenic emissions remain
constant in 2100. The MAGICC-4 response is on the low side of the range drawn
by the models included in the C4AMIP exercise and the HadSCCCM1/MAGICC-6
representation of this range for the E1 scenario (obviously, the MAGICC-4 model
was calibrated before the C4MIP experiments were run). Unlike the other models
(even HadSCCCM1), the IMAGE carbon cycle model is determined by the grid
cells representation of the carbon cycle driven by local temperature and precipitation
change (with different impacts in the tropical and temperate zone). The net feedback
reported is at the very low end (if at all within) the C4MIP range. The positive
feedback of temperature on soil respiration, leading to less soil carbon in the coupled
run (and a higher atmospheric concentration) is largely compensated by the positive
effect of climate change on net primary production, and by net expansion of high-
biomass biomes, e.g. spreading of boreal forest in former tundra regions (leading to
a lower concentration). Earlier sensitivity runs, in which the migration of biomes was
switched off, showed a 30 ppm higher CO, concentration (Leemans et al. 2002). A
more recent comparison of complex models including dynamic vegetation schemes*
shows that these models do not systematically differ from models without dynamic
vegetation schemes, but that the uncertainties with regard to the projected climate
are substantial (Sitch et al. 2008).

4.6 Results for high CO, emissions scenario (C4MIP experiment, A2)

The A2 scenario is a scenario with relatively high CO, emissions and has been
commonly used to compare results of complex climate models. We use this scenario
here to compare the total behaviour of IAMs to the results obtained in the C4MIP
experiment (Friedlingstein et al. 20006).

The results show that in 2100 the differences in CO, concentration are about
100 ppm across the different IAMs (Fig. 9). This is well within the C4MIP range, but
still is substantial enough to matter for decision-making. After 2100, the outcomes
of the different models further diverge, with the DICE model lying at the low end
and MAGICC-4 at the high end. These results can be understood on the basis of the
results described in the previous experiments. It should be noted that the IAMs do
not necessarily reproduce the historic increase in CO, concentration between 1860
and 2000 correctly (especially MERGE and FUND, using the Maier-Hasselmann
response functions, simulate too high concentration levels). The DICE99 model
shows the lowest concentrations, consistent with rapid removal rates reported earlier.

Obviously, the radiative forcing results reflect the differences in concentration
levels although some differences occur as a result of the different model-specific
values for radiative forcing assumed under a doubling of the CO, concentration (see
Fig. 5 and Section 4.3).

For temperature, all IAMs follow a trajectory in the centre of the CAMIP range.
Temperature change is highest for those models that have updated the climate

4In climate models, land cover is often taken as constant. Dynamic global vegetation models
(DGVMs), in contrast, simulate the global distribution of biomes or plant functional types on the
basis of factors such as CO, concentration, climate and soil data. Obviously, change in vegetations
(e.g. from a type with a low carbon pool to one with a high carbon pool) could strongly influence the
terrestrial carbon uptake.
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Fig. 9 Results for the A2 emission scenario: a CO, concentration, b radiative forcing, ¢ temper-
ature increase, and d temperature increase versus CO; concentration. Climate model results from
Friedlingstein et al. (2006)

sensitivity to 3°C (DICEOQ7) or use a range of climate sensitivities with a mean value
of 3°C (PAGE). The lowest values are found for DICE99 and FUND, as a result
of a rapid CO, removal rate (DICE) and a slow temperature response (FUND),
respectively. The lower right panel illustrates the transient temperature response in
the IAMs and the CAMIP models under the A2 scenario. Although Fig. 4 indicated
that the transient temperature response under prescribed concentration agreed well
between IAMs and C4MIP models. However, as the CO, concentration is on the
high end for the A2 emission pathway for most of the century (upper left panel), the
temperature-concentration response is also on the high end.

4.7 Results for low CO, emissions scenario E1

We have also compared the outcomes of the IAMs for the stringent emission
reduction scenario E1, an overshoot scenario developed by the IMAGE model to
stabilise radiative forcing at 2.6 W/m? (see Section 2). For such a scenario, crucial
questions are how much temperature increase can be avoided and how reversible
the carbon—climate system is. While such low scenarios have been developed in the
past using IAMs, results from similar scenarios are not available from AOGCMs
or ESMs (some results from EMIC and more comprehensive SCM are available
(Friedlingstein 2008; Lowe et al. 2009b; Matthews and Caldeira 2008; Meinshausen
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et al. 2009; Mignone et al. 2008; Nusbaumer and Matsumoto 2008; Solomon et al.
2009; Van Vuuren et al. 2008)). Again, we use the results of HadSCCCM1 and
MAGICC-6 (see Appendix A).

The results of the E1 experiment are mostly consistent with those of the SRES
A2 experiment (Fig. 10). For CO; concentrations, in general, the order of the IAMs
remains the same. However, there are also differences: while MAGICC-4 results
in a relatively high CO, concentration in the SRES A2 experiment, the model has
a relatively low concentration here, although still within expert model ranges. The
mean result of the PAGE model has a rather different behaviour than the other
models as a result of the strong carbon cycle feedback reported earlier (around a
50 ppm higher CO,; concentration in 2100).

Except for PAGE, all other IAMs show that trends in CO, concentrations and
even temperature can be reversed to some degree in response to declining emissions.
This situation would allow for overshoot strategies that lead to limiting climate
change while avoiding some of the early reductions (den Elzen and Van Vuuren
2007; Frame et al. 2005; Wigley 2004)—although the slower CO, removal processes
will also provide some limitations (Solomon et al. 2009). In the results of the IAM
models, the CO, concentrations peak around 2050 and then decline to levels between
350 and 400 ppm in 2200, in most models. At the moment, hardly any runs exist
with more complex carbon cycle and climate models that explore the dynamics in
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Fig. 10 Results for the E1 scenario: a CO; concentration, b radiative forcing, ¢ temperature increase,

and d temperature increase versus CO; concentration. Shaded area indicates results of HadSCCCM1;
red lines those of MAGICC-6 (90th percentile and mean)
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these models in response to overshoot strategies. The available runs from EMICs or
other publications show a wide range of results or expectations for the timing of peak
concentration, carbon budgets for different concentration levels or the reversibility
of CO; concentration levels (see earlier references). The two models used here as
reference also show different behaviour. The HadSCCCM1 model shows a peak in
CO, concentration but this is much less pronounced than the peak in MAGICC-6
and occurs later. The MAGICC-6 model, which is also calibrated to the C4MIP
outcomes, shows a behaviour which is similar to the [AMs. These results emphasise
the need for simulations with complex models to tests the behaviour of IAMs for low
concentrations and, in particular, overshoot strategies.

For temperature, the results across the IAMs are more comparable and are
within the range of outcomes for the HadSCCCM1 and MAGICC-6 models. The
temperature increase ranges from 1.0 to 1.9 in 2100 (MAGICC-4 and IMAGE on the
low side). In the mean result from the PAGE model, temperature does not stabilise
because the concentration does not stabilise.

5 Discussion and conclusions

Integrated Assessment Models (IAMs) are a vital tool in informing the debate on
future global and national emissions of greenhouse gases and the cost associated
with different mitigation options. They consist of economic models coupled to simple
climate and carbon cycle models. Here we concentrate on the climate and carbon
cycle components of the IAMs, demonstrating how differences in these components
can lead to large differences in the climate outcomes. This is very relevant for policy-
making, affecting cost-benefit analysis and the assessment of mitigation costs. For
instance, in our EMF-21 re-run (putting the emissions from several IAMs into a sin-
gle SCM) it was shown that differences between the emission profiles of the various
models in terms of radiative forcing levels was easily 0.25 W/m?, corresponding to
a difference in CO, concentration (at 4.5 W/m?) of around 30 ppm. In terms of
emissions, such a difference corresponds to a cumulative emission differences of
roughly 100 Gt. In other words, this model spread may easily equate to thousands
of billion US$ in terms of cumulative abatement costs (for instance, assuming an
average carbon price around 100 US$/tC).

IAMs are typically not designed to create new insights on climate science issues;
their value is in understanding and projecting the interaction between the climate
and the economic system. Therefore, it is reasonable to expect the response of
IAM climate and carbon cycle components to be within the range of outcomes of
sophisticated, state-of-the-art climate models or comprehensive terrestrial/oceanic
ecosystem-biogeochemistry models. In fact, one may argue that TAMs should in their
default settings represent the mean outcomes of these models, while exploring the
total range in uncertainty analyses.

We have devised a set of IAM experiments that quantify the magnitude and
timescale of warming to a given forcing. We have also examined the time-scales of
removal of atmospheric CO, in the models and the size of climate feedbacks on
the carbon cycle. Because many of these experiments have been performed with
more complex climate and carbon cycle models previously, we can compare the
TIAMs behaviour with those models. Where scenarios have not yet been available, we
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compare the IAMs to “expert” climate models. While these both have the limitations
of being much less complex than GCMs or three dimensional earth system models,
they are more complex than many of the IAMs climate and carbon cycle components
and, more importantly, both have demonstrated skill in emulating a range of complex
earth system models.

For the model simulations presented in this paper, the representations of the
carbon cycle and climate system in IAMs mostly lie within the range of expert mod-
els. These ranges are, however, often very wide and consequently, the differences
in carbon cycle and climate system representation play a significant role in their
outcomes (in addition to uncertainty in socio-economic components). It is useful
to discuss the details of the IAM response. We will consider the cause-to-effect
chain, starting with the temperature response then working back through forcing and
carbon cycle issues.

Thermal response The default setting of the climate sensitivity of most IAMs (e.g.
MERGE, IMAGE, MAGICC-4) is still calibrated to the values reported in the
IPCC’s Third Assessment Report and our first recommendation is that these should
be updated to the Fourth Assessment Report (e.g. with respect to the mean value).
The newer IPCC report includes a larger number of climate sensitivity estimates and
updates the likely ranges of climate sensitivity. It also presents evidence of complex
models with large climate sensitivity beyond the often used upper value of 4.5°C.
Figure 3 clearly shows a bias of the IAMs towards the lower end of the likely AR4
range; only PAGE samples this range by default. The implication of most IAMs not
sampling the upper part of the [IPCC AR4 range of likely climate sensitivities is that
in the long-term the larger damages associated with these higher temperature ranges
are not being simulated.

In addition to equilibrium climate change, also transient climate change is im-
portant for IAM outcomes. For transient climate change, ocean heat uptake is also
important. Figure 3 shows a wide spread in transient responses for our IAMs, with
FUND and PAGE (mean) being notably slow. In the 2x CO, experiment (Fig. 4) the
DICEY9 shows an initially slow response as well. An implication of a slow thermal
response is that if these models are used for cost-benefit analysis, impacts occur
later in time (or even outside the simulation period) and thus are affected more by
discounting than would be the case if median values were used. It also has impacts for
the study of overshoot scenarios, with a slower thermal response permitting a longer
period of concentration overshooting before the temperature exceeds its target level.

Forcing response The next step in the cause-to-effect chain is the relationship
between CO, concentration in the atmosphere and radiative forcing. There is a
significant spread in the IAM results, reaching around 1 W m~2 at around 750 ppm.
The difference is partly caused by the use of older values for CO, forcing. FUND has
the largest forcing for a given concentration and PAGE has the lowest, implying that
for a given CO; concentration the difference in equilibrium temperature response
between FUND and the mean results from PAGE will be less than implied by the
climate sensitivity alone. The difference in concentration-forcing relationship also
leads to different implications of radiative forcing (and CO,-equivalent concentra-
tions) targets. For instance, for a target of 4.5 W m~2 there is a spread of 0.7 W/m?
corresponding to ~100 ppm CO,, with FUND requiring the lowest concentrations.
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The implications of this for the necessary emissions to reach a given forcing target
were clearly seen in the EMF-21 rerun results.

Carbon cycle response The carbon cycle component in the IAM determines the
CO; concentration for a given set of emissions. First, we note that there is agreement
between the proportion of a carbon pulse that stays in the atmosphere on time
scales of less than two decades but the spread increases beyond this time. Apart
from the PAGE model, the IAMs show that between 10% and 25% of the carbon
pulse remains in the atmosphere after around 300 years, which can be compared
to the expert Bern2.5CC model values of around 20%. The lowest IAM values are
seen in the two versions of the DICE model, which tend to remove carbon from the
atmosphere too quickly. A consequence is that climate impacts of non-intervention
scenarios could be higher than suggested by these models, but also that it might be
more difficult to achieve very low concentration targets. The PAGE response is the
most unusual, showing that the mean results would lose about 50% of the initial
pulse after 50 years (still fairly consistent with the other IAMs and the Bern2.5CC
expert models) but, because of the strong carbon cycle feedback, unlike all of the
other models, the proportion starts to increase again at later times, reaching a carbon
concentration in the atmosphere of 70% of the initial value after 300 years. This
implies that in PAGE a unit of carbon emission into the atmosphere will lead to
a higher atmospheric concentration of CO; several hundred years later than other
TAMs. Compared to the more complex models, PAGE predicts more climate change
for low emissions.

Many of the processes in the carbon cycle are known to be non-linear. Expert
carbon cycle models show a higher airborne fraction at a given time for a larger
emissions pulse. This behaviour is also replicated in MAGICC-4 and IMAGE, but is
simply not included in other IAMs (that assume a linear relationship). The PAGE
mean version behaves in the opposite manner to expectations, because of its strong
carbon cycle feedback.

The feedback of climate change onto the carbon cycle is a topic of current scientific
debate. Some IAMs do not include this feedback and those IAMs that do include
this feedback show substantially different strengths. For high concentrations, the
variation is more or less within the very wide range of the C4MIP models, varying
from a very low feedback in IMAGE to a strong feedback in the mean results from
PAGE. At low concentrations, the feedback cannot be directly evaluated against
complex climate models as they have not been run for these targets yet. The dynamics
of the climate-carbon feedback might be different under such scenarios, especially
as the large thermal inertia of the climate system means that temperatures can
continue to increase, while CO, concentrations are already in decline. The IAM
results show a far wider range than the expert simple climate models (calibrated to
the C4AMIP GCMs), with the IMAGE model having a very small feedback (possibly
from the dynamic representation of natural vegetation) and the mean results of
PAGE showing a very strong feedback that can easily be strong enough to lead to
higher concentrations levels.

All factors together: high and low CO, emission scenarios (A2/E1) The behaviour
of the IAMs for the high CO, emission scenario can be explained on the basis
of the behaviour of the model components discussed above. There are noticeable
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differences between the IAMs but the overall representation of a high emission
scenario in IAMs is easily within the range of the complex models.

The relative differences for the low CO, emission scenario across the different
TAMs are larger than for the high emission scenario. Still, with the exception of
PAGE, all models show a decline in radiative forcing and even temperature for
a rapid decline in emissions. The results for a low concentration scenario cannot
be directly compared to complex climate models. At this stage, low stabilisation
targets and overshoot scenarios have only been run using IAMs and (to a lesser
degree) EMICs. There is a clear need for more complex models to run low mitigation
scenarios to learn more about the behaviour of the carbon cycle and climate system
under these conditions which are directly relevant for policy-making. The very
different outcomes of “C4-MIP” calibrated models for low stabilisation scenarios
(MAGICC-6, HadSCCCM1 and MAGICC-4) is illustrative of the lack of insight in
the different processes (and the reversibility of CO, concentration levels) in these
situations.

Recommendations for the IAM and climate communities Most of the short-comings
in TAM climate and carbon cycle responses mentioned above can be handled
relatively easily by updating their parameter settings. We recommend doing this as
a priority task. For the biophysical impact models, further incorporation of complex
carbon cycle and climate change representations by including parts of models like
MAGICC-6, HadSCCCM1 or Bern2.5CC might be attractive. However, for cost—
benefit-analysis-type of IAMs, this is a complex challenge as these models need a
simpler representation of the carbon cycle/climate system to allow inter-temporal
optimisation.

Given the uncertainty in climate feedback onto the carbon cycle, we recommend
that IAMs should consider including these feedbacks in their uncertainty analysis.
Our results also suggests a very pressing need for the climate modelling community to
run their more complex earth system models for scenarios with aggressive mitigation
and lower emissions than the IPCC SRES range, including scenarios where the
concentration overshoots the eventual target level. This is because even the expert
simple climate models can not hope to capture the complex geographical nature of
carbon cycle changes and local feedbacks, such as those involving local hydrology
changes which are believed to have a significant interaction with local vegetation.
The forthcoming IPCC ARS assessment will involve such ESM simulations, but it is
important these are made available to the ITAM community as early as possible.

Finally, it is vital that policy makers, especially those involved in UNFCCC
negotiations, are made aware of the large spread in the climate and earth system
components of IAMs. More work is recommended to understand how these affect
the economic outputs from current IAMs.

Appendix A

In this article, we compare the behavior of the IAM models against available data
from complex models (including the ranges across these models). Unfortunately,
for some experiments these data are not directly available. Here, we have used the
results of specific simulations from models with a somewhat more comprehensive
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Fig. 11 Results for the A2 experiment. Range of results of the MAGICC-6 and HadSCCCM1
models compared to the range of the original C4MIP outcomes (grey area)

representation of the climate system and carbon cycle: the Bern 2.5CC EMIC
(Plattner et al. 2008), the HadSCCCM1 (Huntingford et al. 2009) and MAGICC-6
(Meinshausen et al. 2008) models. The last two models are both calibrated against the
results of more complex models using the C4MIP data. Both models aim to represent
individual models in the C4MIP exercise for a A2 scenario (i.e. a high emission
scenario). This arguably allows us to get some idea how more complex models would
perform if run under different assumptions such as a low emission scenario. In order
to provide a meaningful reference, it is obviously at least necessary that these expert
models indeed represent the original C4AMIP data well.

In Fig. 11, we show the original CAMIP outcomes and the MAGICC-6 and
HadSCCCMI representation of them (i.e. the lowest and highest result). The figure
shows that both models are indeed able to reproduce the C4MIP range well. This
is certainly the case for the CO, concentration. For temperature, the simple models
obviously do not represent the variation included in the complex models, and the
HadSCCCML1 has a slight bias to higher temperatures late in the experiment. As
discussed in the main text, the fact that both models reproduce the A2 results does
not automatically mean that they lead to the same results under different conditions.
The fact that MAGICC-6 and HadSCCCM1 lead to different results for a low
emission scenario shows that this not the case (Fig. 10).
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