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ABSTRACT

Eight earth system models of intermediate complexity (EMICs) are used to project climate change commit-
ments for the recent Intergovernmental Panel on Climate Change’s (IPCC’s) Fourth Assessment Report (AR4).
Simulations are run until the year 3000 A.D. and extend substantially farther into the future than conceptually
similar simulations with atmosphere—ocean general circulation models (AOGCMs) coupled to carbon cycle
models. In this paper the following are investigated: 1) the climate change commitment in response to stabilized
greenhouse gases and stabilized total radiative forcing, 2) the climate change commitment in response to earlier
CO, emissions, and 3) emission trajectories for profiles leading to the stabilization of atmospheric CO, and their
uncertainties due to carbon cycle processes. Results over the twenty-first century compare reasonably well with
results from AOGCMs, and the suite of EMICs proves well suited to complement more complex models.
Substantial climate change commitments for sea level rise and global mean surface temperature increase after
a stabilization of atmospheric greenhouse gases and radiative forcing in the year 2100 are identified. The
additional warming by the year 3000 is 0.6-1.6 K for the low-CO, IPCC Special Report on Emissions Scenarios
(SRES) B1 scenario and 1.3-2.2 K for the high-CO, SRES A2 scenario. Correspondingly, the post-2100 thermal
expansion commitment is 0.3-1.1 m for SRES B1 and 0.5-2.2 m for SRES A2. Sea level continues to rise due
to thermal expansion for several centuries after CO, stabilization. In contrast, surface temperature changes slow
down after a century. The meridional overturning circulation is weakened in all EMICs, but recovers to nearly
initial values in all but one of the models after centuries for the scenarios considered. Emissions during the
twenty-first century continue to impact atmospheric CO, and climate even at year 3000. All models find that
most of the anthropogenic carbon emissions are eventually taken up by the ocean (49%—62%) in year 3000, and
that a substantial fraction (15%-28%) is still airborne even 900 yr after carbon emissions have ceased. Future
stabilization of atmospheric CO, and climate change requires a substantial reduction of CO, emissions below
present levels in all EMICs. This reduction needs to be substantially larger if carbon cycle—climate feedbacks are
accounted for or if terrestrial CO, fertilization is not operating. Large differences among EMICs are identified
in both the response to increasing atmospheric CO, and the response to climate change. This highlights the need
for improved representations of carbon cycle processes in these models apart from the sensitivity to climate
change. Sensitivity simulations with one single EMIC indicate that both carbon cycle and climate sensitivity
related uncertainties on projected allowable emissions are substantial.
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1. Introduction

Model projections of future climate change are key
to understanding and quantifying the impact of the
anthropogenic perturbation on the climate system.
Climate models are the only available tools for estimat-
ing the future climate response to specified perturba-
tions and, thus, provide important information needed
by policymakers and society. Proposed methods for
mitigation or adaptation to climate change will be
judged based partly on results from climate models.

With the most comprehensive atmosphere—ocean
general circulation models (AOGCMs), some of them
coupled to models of the global carbon cycle, it is cur-
rently feasible to project climate up to two centuries or
so into the future (e.g., Meehl et al. 2005a; Hansen et al.
2007). Longer-term integrations are hindered mainly
by computational limitations, and the same applies for
multimember ensembles with AOGCMs. Earth system
models of intermediate complexity (EMICs) on the
other hand can help to substantially extend the climate
projection time frame farther into the future. EMICs
are usually dynamically simpler than comprehensive
AOGCMs, although they might well be more complete
in terms of climate system components that are in-
cluded. Typically, EMICs are some composite of sim-
plified versions of atmospheric and ocean model com-
ponents, and a suite of parameterizations, sometimes
even including representations of terrestrial and oce-
anic biogeochemical cycles. These less computationally
expensive models (compared to AOGCMs) can be
used to run simulations over thousands of years, to gen-
erate large simulation ensembles (Hargreaves et al.
2004), and to perform extensive sensitivity studies
(e.g., Knutti et al. 2005) not possible with compre-
hensive AOGCMs. Computational efficiency in EMICs
is however often paid for by a combination of lower
spatial and/or temporal resolution, a reduction in ex-
plicitly modeled processes, and thus a need for more,
sometimes simplified, parameterizations. Despite these
limitations, EMICs have generally proven to be well
suited to complement AOGCMs and their use has
been growing over the last few years (Claussen et al.
2002).

In the framework of the recent Intergovernmental
Panel on Climate Change’s (IPCC’s) Fourth Assess-
ment Report (AR4; Solomon et al. 2007), a group of
eight EMICs contributed to a project aiming at the in-
vestigation of long-term future climate change projec-
tions and commitments (Wigley 2005; Meehl et al.
2005b) until year 3000 A.D., thereby extending substan-
tially farther into the future than the conceptually simi-
lar simulations with global coupled AOGCM-carbon
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cycle models (Meehl et al. 2007). Major goals were (i)
to provide a comparison of globally averaged climate
change projections over the next century from EMICs
to available AOGCM projections, focusing on global
mean temperature change, sea level rise, ocean heat
uptake, and Atlantic meridional overturning; (ii) to
quantify the long-term climate change commitment in
response to stabilized greenhouse gases and stabilized
total radiative forcing; (iii) to estimate the long-term
climate change commitment in response to earlier CO,
emissions; and (iv) to monitor emission trajectories for
profiles leading to stabilization of atmospheric CO, and
their uncertainties due to carbon cycle processes. Mod-
eling results are presented and discussed along these
major research themes. Overall, this modeling activity
allows us to assess the range of uncertainty in climate
projections across the entire model hierarchy. Previous
studies investigating climate change and/or emission
commitments either used AOGCMs (e.g., Meehl et al.
2005b; Tsutsui et al. 2007; Hansen et al. 2007), complex
earth system models (Mikolajewicz et al. 2007; Lenton
et al. 2006), or simple climate models (e.g., Wigley 2005;
Friedlingstein and Solomon 2005).

The paper is structured as follows. In section 2, we
briefly introduce the contributing EMICs, describe the
experimental setups, and introduce the model metrics
used to analyze and compare the model results. The
section ends with a general overview of the uncertain-
ties in the representation of the carbon cycle in these
EMIC:s. In section 3, results from EMICs are presented,
discussed, and compared to those of AOGCMs. We
start with an evaluation of EMICs’ standard physical
model metrics against AOGCMs. In section 3a, globally
averaged climate change projections over the next cen-
tury are compared, the EMICs responses to stabiliza-
tion of greenhouse gases and total radiative forcing are
evaluated, and the long-term climate change commit-
ment is quantified. In section 3b, the long-term climate
change commitment in response to earlier CO, emis-
sions, the so-called zero-emissions commitment, is ana-
lyzed with those EMICs that include an interactive rep-
resentation of the global carbon cycle. In section 3c, we
then turn to emission trajectories for profiles leading to
the stabilization of atmospheric CO, and to the uncer-
tainties due to carbon cycle processes and climate sen-
sitivity using the same subgroup of EMICs and addi-
tional sensitivity simulations with a single EMIC, the
Bern2.5CC EMIC. Finally, in section 3d, we study
EMIC sensitivities to CO, and climate and compare
results to the Coupled Carbon Cycle-Climate Model
Intercomparison Project study (C4MIP; Friedlingstein
et al. 2006). Conclusions follow in section 4.
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2. Models and methods

a. Models

Results from eight EMICs, provided by seven mod-
eling groups, are included in this study. The models
are the University of Bern two-dimensional Carbon
Cycle Climate Model (Bern2.5CC), the Coupled Glob-
al Ocean-Linear Drag Salt and Temperature Equation
Integrator (C-GOLDSTEIN), versions 2 and 3a of the
Climate and Biosphere Model (CLIMBER-2,
CLIMBER-3a), the Liege Ocean Carbon Heterono-
mous model (LOCH)-Vegetation Continuous Descrip-
tion model (VECODE)-ECBilt-Coupled Large-Scale
Ice—Ocean model (CLIO)-Antarctic and Greenland
Ice Sheet Model (AGISM) ensemble (LOVECLIM),
version 2.3 of the Massachusetts Institute of Technolo-
gy’s Integrated Global System Model (MIT-IGSM2.3),
the Louvain-La-Neuve two-dimensional climate model
(MoBidiC), and version 2.7 of the University of Victo-
ria Earth System Climate Model (UVic 2.7). The main
model characteristics are briefly described in appendix
A and included in Randall et al. (2007). All contribut-
ing EMICs are simplified models compared to
AOGCMs and are in general highly parameterized.
Yet, the model structures and setups of individual
EMIC:s are still very heterogeneous, ranging from zon-
ally averaged ocean models coupled to energy balance
models (Stocker et al. 1992), or coupled to statistical—
dynamical models of the atmosphere (Petoukhov et al.
2000), to low-resolution three-dimensional ocean mod-
els, coupled to energy balance or simple dynamical
models of the atmosphere (Opsteegh et al. 1998; Ed-
wards and Marsh 2005). Some EMICs include a radia-
tion code and prescribe greenhouse gases, while others
use simplified equations to project radiative forcing
from projected concentrations and abundances (Joos et
al. 2001; Prather et al. 2001). Five out of the eight
EMICs (Bern2.5CC, CLIMBER-2, LOVECLIM, MIT-
IGSM2.3, and UVic 2.7) include interactive represen-
tations of the global carbon cycle, yet none of these
models accounts for ocean-sediment interactions. Al-
though carbon cycle processes in these EMICs are simi-
larly simplified, global-scale quantities are generally in
good agreement with more complex models. EMIC
projections are compared to results from more complex
AOGCMs from the Coupled Model Intercomparison
Project [CMIP; Meehl et al. (2005a); information online
at http://www-pcmdi.llnl.gov/] and to the models used
in the C4MIP project, including four intermediate com-
plexity models and seven coupled AOGCMs
[Friedlingstein et al. (2006); information online at http:/
/www.cdmip.cnrs-gif.fr/background.html/]. Carbon
cycle results from the Hadley Simple Climate Model
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(Hadley-SCM; Jones et al. 2006a) have also been in-
cluded in the EMIC comparison.

b. Scenarios

A set of well-defined emission scenarios, CO, stabi-
lization profiles, and emission pathways has been put
together to ensure the comparability of different EMICs.
Modeling groups were asked to provide results for dif-
ferent versions of their EMICs if available (e.g., with
different ocean mixing parameterizations, or different
atmospheric parameter settings) in order to assess the
robustness of results with respect to different model
parameterizations. In addition, as some EMICs allow
for the equilibrium climate sensitivity to be tuned, the
dependence of results on climate sensitivity rang-
ing from 1.5 to 4.5 K, the range given in the IPCC’s
Third Assessment Report (TAR; Houghton et al.
2001), could be estimated. While lower/higher climate
sensitivity values can still not be ruled out completely
(e.g., Knutti et al. 2006; Tomassini et al. 2007), the im-
proved assessment provided in IPCC AR4 leaves the
likely range more or less unchanged at 2.0-4.5 K
(Meehl et al. 2007). The invitation letter to the EMIC
community, the simulations protocols, and input files
are available online (http://www.climate.unibe.ch/
emicAR4/index.html).

In a first set of simulations, atmospheric CO, and
total radiative forcing from CO,, non-CO, greenhouse
gases, and aerosols are projected from three of the six
Special Report on Emissions Scenarios (SRES) illustra-
tive emission scenarios until 2100 (Nakicenovi¢ et al.
2000) and kept at the year 2100 value afterward to in-
vestigate the climate change commitment in response
to stabilized greenhouse gas concentrations and radia-
tive forcing (Fig. 1). We emphasize that aerosol forcing,
like all other radiative forcings, is kept constant after
year 2100, thereby neglecting a potential reduction in
the (negative) aerosol radiative forcing by emission re-
duction toward CO, stabilization. For the SRES sce-
narios B1, A1B, and A2, modeling groups either di-
rectly prescribed total radiative forcing or CO, equiva-
lents for the sum of CO,, non-CO, greenhouse gases,
and aerosols after year 2000 according to the BernCC
(Joos et al. 2001) as published in appendix 2 of IPCC
TAR (Houghton et al. 2001), or used their own set of
emission/concentration inputs and calculated radiative
forcing interactively from year 2000 to year 3000. Those
models without radiation code were asked to calculate
radiative forcing from changes in CO, or CO, equiva-
lents after IPCC TAR (Houghton et al. 2001) as

RFco, = 535 Wm™2 X In[CO,()/CO,(tp)], (1)

where CO,(t,) is the atmospheric CO, concentration at
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F1G. 1. Evolution of atmospheric CO, for the CO, stabilization
pathways SP450-SP1000 and for three of the six illustrative SRES
emission scenarios until the year 2100 with constant concentra-
tion thereafter. Atmospheric CO, for SRES scenarios B1, A1B,
and A2 until the year 2100 were taken from the BernCC model
as published in appendix 2 of IPCC TAR (Houghton et al. 2001)
and kept at the year 2100 value thereafter. A detailed tech-
nical description of the SP stabilization profiles can be found in
appendix B.

preindustrial times, here 280 ppm and year 1765. No
instructions were given on how to represent the historic
period up to year 2000. These different approaches led
to differences in projected total radiative forcings for
individual EMICs. Forcing differences need to be kept
in mind for one-to-one comparisons. In CMIP,
AOGCM modeling groups were also allowed to use
their own set of forcing components and calculate ra-
diative forcing interactively (Meehl et al. 2005a) and
not all AOGCMs included all of the relevant forcings
(e.g., Santer et al. 2006).

In a second set of simulations, a series of prescribed
CO,-only stabilization pathways have been applied to
investigate climate change commitment in response to
stabilized greenhouse gas concentrations and to inves-
tigate allowable CO, emissions and carbon cycle—cli-
mate feedbacks. The atmospheric CO, stabilization lev-
els are 450, 550, 650, 750 and 1000 ppm (SP450-SP1000;
Fig. 1). In addition, profiles aiming to study the impacts
of a delayed stabilization at 450 and 550 ppm (DSP450,
DSP550) and of an overshoot of CO, before stabiliza-
tion at 350 and 450 ppm (OSP350, OSP450) have been
included. These stabilization profiles were constructed
following Enting et al. (1994) and Wigley et al. (1996)
using the most recent atmospheric CO, observations,
CO, projections with the BernCC model (Joos et al.
2001) for the A1T emission scenario over the next few
decades, and a Padé approximant (a ratio of two poly-
nomials) (Enting et al. 1994) leading to stabilization. A
more detailed technical description of these stabiliza-
tion profiles can be found in appendix B.
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In a third set of simulations, the climate change com-
mitment in response to earlier emissions is investigated.
These simulations were performed by five EMICs that
include an interactive carbon cycle component to
project atmospheric CO, from carbon emissions. An-
thropogenic carbon emissions for the suite of previ-
ously introduced SP450-SP1000 CO, stabilization pro-
files have been inferred from simulations with the
BernCC model and prescribed in the five EMICs until
the year 2100. After the year 2100, anthropogenic car-
bon emissions were set to zero until the end of the
simulation.

We restrict our analysis to globally averaged results.
Given the reduced complexity of the EMICs, only re-
sults on continental to global scales should be inter-
preted (Stocker and Knutti 2003). In addition, so far,
only a few other intercomparisons on EMIC cli-
mate change projections have been published (e.g.,
Petoukhov et al. 2005; Gregory et al. 2005), leaving
room for further studies and, in particular, comparisons
to AOGCM results.

¢. Model metrics

1) PHYSICAL

EMIC outputs from idealized CO,-only stabilization
profiles have been used to determine key model char-
acteristics, such as equilibrium climate sensitivity (ECS,
the increase in global mean surface temperature for a
doubling of atmospheric CO, concentration; K), tran-
sient climate response (TCR, the increase in global
mean surface temperature in a 1% yr~! CO, increase
experiment at the time of CO, doubling; K), and ocean
heat uptake efficiency [the ratio of the net downward
top-of-the-atmosphere radiative flux—assumed equal
to the ocean heat uptake on decadal time scales—to
TCR at the time of CO, doubling in a 1% yr~! increase
experiment; W m 2 K™!; Gregory and Mitchell (1997);
Raper et al. (2002)]. Ocean heat uptake efficiency is a
measure of the rate at which heat storage by the global
ocean increases as the global average temperature rises.
A larger atmospheric warming for a given forcing, as-
sociated with a smaller ocean heat uptake, reduces the
global energy imbalance at the top of the atmosphere,
resulting in a smaller value for the ocean heat uptake
efficiency. These metrics describe the way a climate
model responds to changes in the external forcing
(Meehl et al. 2007) and are used to compare (i) differ-
ent EMICs and (ii) the suite of EMICs with the IPCC
AR4 AOGCMs (Meehl et al. 2007). All metrics have
been determined from an idealized 2 X CO, simulation,
where CO, increases from its preindustrial value by 1%
yr ! to the 2 X CO, level at year 70, and is then kept
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constant until model year 3000. Equilibrium climate
sensitivity is then calculated as the change in global
mean surface air temperature at year 3000, whereas
TCR and ocean heat uptake efficiency are calculated
from 20-yr-averaged quantities centered at the time of
CO, doubling.

2) CARBON CYCLE

We analyze model sensitivities to increasing atmo-
spheric CO, and climate change. The analysis is in-
spired by Friedlingstein et al. (2006), but we use runs
with prescribed CO, instead of prescribed emissions.
The land and ocean carbon sensitivity to increasing
CO, is determined from simulations where CO, was
prescribed as in the standard setup (“coupled”), but
where CO, did not affect climate (“uncoupled”). The
land and ocean carbon sensitivity to climate change is
directly determined from the difference between the
coupled and the uncoupled simulations. This allows us
to exactly separate the sensitivities to CO, and climate
because the atmospheric CO, is identical in the two
runs. We note that model sensitivities presented here
are not directly comparable to the results presented by
Friedlingstein et al. (2006) given the differences in the
scenario and method of calculation between the two
studies.

The overall sensitivities of land (AC?°") and ocean
(ACE"Y) carbon uptake to an increase in atmospheric
CO, and climate change, expressed in terms of global
mean surface air temperature change, can be written as

ACT" = B AC, + v, AT, )
ACE" = BoAC, + yoATR™, 3)

where ACP® and ACG" are the respective changes in
global land and ocean carbon storage (in GtC), AC, is
the change in atmospheric CO, (in ppm), and AT
is the change in global mean surface air temperature in
the coupled simulation. Note that here “A” stands for a
temporal change since preindustrial times; that is, for
temperature, AT = ATV (1) — ATS(¢,). The land
(B.) and ocean (B,) carbon sensitivity parameters to
increasing CO, can be determined from the uncoupled
simulations as

B, = ACY*/AC,, 4)
Bo =ACSY/AC,, 5)

where [; is roughly a measure of the models’ CO,
fertilization and B,, is a measure of the models’ surface
to deep ocean transport rate. Because AC, is identical
in the prescribed CO, case, the land (y;) and ocean
(vo) carbon sensitivity parameters to an increase in
temperature can be directly determined from the dif-

PLATTNER ET AL.

2725

ference in carbon storage between the uncoupled and
coupled simulations:

v = (ACE" = ACE<YATS", ©)
Yo = (ACE" — ACHYATS", ™

where vy, is a measure of the models’ release/uptake of
carbon in response to factors such as accelerated soil
carbon and nitrogen overturning, forest dieback, and
stimulated productivity under global warming; and vy,
is a measure of the models’ reduction in the rate of
ocean carbon uptake under global warming in response
to changes in CO, solubility, surface to deep ocean
transport, and the biological carbon cycle. The sensitiv-
ity of the global mean surface air temperature to chang-
ing atmospheric CO,, «, is defined as

a=AT<YAC,. ®)

Here, a provides complementary information to the
equilibrium climate sensitivity and TCR, and is useful
for comparing our EMIC results to the C4AMIP study
(Friedlingstein et al. 2006; Denman et al. 2007).

Finally, the carbon cycle—climate feedback factor, ¢,
is determined as the ratio between uncoupled and
coupled cumulated emissions:

£= ACY/ACS", 9)

where ACY° and ACE" are the respective cumulated
CO, emissions in the uncoupled and coupled simula-
tions (in GtC). We use ¢ to characterize the over-
all feedback to the climate change. The carbon cycle—
climate feedback factor is greater than 1 if the climate
change leads to reduced CO, uptake by oceans and the
terrestrial biosphere, and thus to lower allowable emis-
sions for a given CO, pathway or higher atmospheric
CO, concentrations for a given emission pathway
(i.e., a positive carbon cycle—climate feedback). The
factor is less than 1 for a negative carbon cycle—climate
feedback. In contrast to our emission-based definition,
Denman et al. (2007) determine the feedback factor
from the ratio of coupled to uncoupled atmospheric
CO, concentrations.

d. Uncertainties in the representation of the carbon
cycle

Uncertainties in the carbon uptake by land and ocean
directly translate into uncertainties in projected atmo-
spheric CO, or allowable carbon emissions (Joos et al.
2001; Prentice et al. 2001; Edmonds et al. 2004; Jones et
al. 2006a; Matthews 2006). For a comprehensive discus-
sion of the governing processes, feedbacks, their uncer-
tainties, and scales, see the reviews by Prentice et al.
(2001), Field and Raupach (2004), and Denman et al.
(2007). Uncertainties arise from the necessity to param-
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eterize processes covering the spatiotemporal scales of
biochemical reactions in leaves, bacteria, and marine
organisms to the decadal-to-century scales of soil car-
bon dynamics and ocean overturning to the millennial
and global scales of the sediment and weathering
cycles. Key uncertainties for decadal-to-century scale
carbon fluxes are inter alia related to the rate of surface
to deep ocean exchange of carbon and nutrients in the
ocean and its change under global warming; to the re-
sponse of terrestrial productivity (and water use effi-
ciency) to changes in atmospheric CO,, climate, and the
availability of nitrogen and other nutrients; to the rate
of soil overturning and thawing of frozen soils under
current and altered environmental conditions; to veg-
etation dynamics including forest dieback and estab-
lishment; and importantly to a wide range of human
interferences with natural systems. Constraints on the
continental-to-global scale ocean and land carbon
fluxes arise from direct atmospheric observations of
CO,, its isotopes, and O,; from the observed distribu-
tions of a wide range of tracers such as chlorofluoro-
carbons (CFCs), radiocarbon, nutrients, alkalinity, and
carbon within the ocean; from measurements of carbon
fluxes at the land-atmosphere and land-ocean inter-
faces; from soil radiocarbon measurements; from
paleobotanical vegetation cover data; and from statis-
tics on fossil, industrial, and land-use carbon emissions.

The feedbacks between the carbon cycle and the
physical climate system are estimated to be positive
both from palaeodata (Jansen et al. 2007; Joos and
Prentice 2004) and our current system understanding
(Friedlingstein et al. 2006; Greenblatt and Sarmiento
2004), very likely reducing the carbon uptake by ocean
and land under warming relative to a steady climate
(Sarmiento and Le Quéré 1996; Joos et al. 1999; Meyer
et al. 1999; Cox et al. 2000; Friedlingstein et al. 2001;
Joos et al. 2001; Prentice et al. 2001; Plattner et al. 2001;
Matthews 2005; Jones et al. 2006b; Friedlingstein et al.
2006).

The ensemble of models used in this study covers the
range compatible with the available data and the cur-
rent system understanding, and reflects the controversy
in the literature on a range of processes. The ensemble
includes models with a very low terrestrial response to
rising CO, (“CO, fertilization”) such as the Terrestrial
Ecosystem Model (TEM; embedded in MIT-IGSM2.3),
which is strongly limited by nitrogen availability, to the
Hadley-SCM that shows a very strong CO, fertilization
unconstrained by any nutrient limitation. Similarly, the
Hadley-SCM displays a very large release of land car-
bon in response to global warming as it is calibrated to
follow the full Hadley AOGCM (HadCM3LC), which
has only a single soil carbon pool and strong sensitivity
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of vegetation to climate, whereas terrestrial carbon
storage increases strongly under the VECODE model
scheme (used in CLIMBER-2, LOVECLIM, and
MoBidiC) and increases weakly in the TEM. The ter-
restrial models thus range from practically absent to
very strong CO, fertilization and from very strong car-
bon release in response to accelerated soil carbon over-
turning and forest dieback to additional carbon uptake
under global warming as it might be driven by an ac-
celerated nitrogen cycle. The models, however, do not
account for land use and land-use changes (McGuire et
al. 2001; Strassmann et al. 2008). Turning to the ocean,
the CLIMBER-2 model, for example, features slow sur-
face to deep ocean transport of anthropogenic carbon,
whereas the Bern2.5CC shows a (too) vigorous trans-
port. The models show a weak to moderate reduction in
ocean carbon uptake under global warming as is ex-
pected from reduced solubility and increased stratifica-
tion. Future changes in ocean biology are highly uncer-
tain, yet many modeling studies using simple represen-
tations of ocean biology suggest that associated changes
tend to partly offset the physically driven changes in
ocean carbon uptake in these models (e.g., Plattner et
al. 2001). Changes in ocean biology are not taken into
account in the LOVECLIM, UVic 2.7, and Hadley-
SCM models.

3. Results and discussion

As a first analysis, standard physical model metrics of
the eight contributing EMICs and the Hadley-SCM are
compared with those of AOGCMs. The equilibrium
climate sensitivity, TCR, and ocean heat uptake effi-
ciency of the EMICs compare reasonably well with the
AOGCM results (Fig. 2; Table 1).

The equilibrium climate sensitivity ranges from 1.9 to
4.3 K for the suite of EMICs (AOGCMs: 2.1 to 4.4 K),
corresponding to the likely range of 2.0 to 4.5 K given
in IPCC AR4 (Solomon et al. 2007). However, climate
sensitivity is a somewhat tunable parameter in some
EMICs. The TCR from EMICs ranges between 0.9 and
2.3 K (AOGCMs: 1.2 and 2.6 K). Two out of the eight
EMICs have climate sensitivities and TCR’s lower than
the set of AOGCMs. The sensitivities for these two
models are also below the TCR range for the respective
climate sensitivities determined from a large perturbed
physics ensemble of the Bern2.5D EMIC (gray dots),
exploring a wide range of ocean model parameter com-
binations (Knutti et al. 2005). The TCR and equilib-
rium climate sensitivity in EMICs and AOGCMs are
clearly linked and the relationship is nonlinear (Wigley
and Schlesinger 1985; Harvey 1986; Knutti et al. 2005).
In general, TCR is higher at higher climate sensitivity
for both EMICs and AOGCMs, but the relationship
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F1G. 2. TCR vs (a) equilibrium climate sensitivity (ECS) and
(b) ocean heat uptake efficiency (x) for eight EMICs and the
Hadley-SCM (colored squares and triangles), AOGCMs (red
circles), and from a large ensemble of the Bern2.5D EMIC
(Knutti et al. 2005) using different ocean vertical diffusivities and
mixing parameterization (gray dots). For the C-GOLDSTEIN
model, ensemble means and *2 standard deviation uncertainties
due to atmosphere, ocean, and sea ice parameter perturbations
are given for three ensembles with climate sensitivities of 1.5, 3.0,
and 4.5 K. EMIC results are derived from an idealized
2 X CO, profile with prescribed atmospheric CO, (see main text
and Table 1 for details).

becomes weaker at higher values of climate sensitivity
and TCR.

Ocean heat uptake efficiency for the group of EMICs
is between 0.6 and 1.1 W m 2 K~! compared to 0.5 and
1.0 for AOGCMs. From Fig. 2b it seems that there is
only a weak relationship between TCR and ocean heat
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uptake efficiency, with a tendency toward lower TCR
for higher values of ocean heat uptake efficiency. No
clear relationship was found for climate sensitivity
and ocean heat uptake efficiency, in contrast to the
results from AOGCMs reported by Raper et al.
(2002). Ocean heat uptake efficiencies from the large
Bern2.5D ensemble do not extend as low as for two of
the AOGCMs, indicating that there is an inherent
lower limit for ocean heat uptake for this particular
EMIC, probably related to numerical diffusion.

Overall, we find that the strength and rapidity of the
surface temperature response to external forcing and
the rate at which heat storage by the global ocean in-
creases as the global average temperature rises are well
represented in these EMICs. The generally close agree-
ment between EMICs and AOGCMs supports the use
of intermediate-complexity models to project climate
change on the global scale and to complement more
comprehensive AOGCMs.

a. Constant atmospheric composition commitment

Climate change commitment is addressed by keeping
the greenhouse gas concentrations and total radiative
forcing constant after the year 2100 (Fig. 3). The atmo-
spheric composition and radiative forcing from CO,,
non-CO, greenhouse gases, and aerosols are projected
from SRES emission scenarios A1B, A2, and B1 until
2100 (Nakic¢enovi¢ et al. 2000) and kept at the year 2100
value afterward (see Fig. 1). Prescribed atmospheric
CO, concentrations in year 2100 (and constant there-
after) from appendix 2 of IPCC TAR (Houghton et al.
2001; BernCC model) are 540 ppm in scenario B1, 703
ppm in A1B, and 836 ppm in A2. These three scenarios
thus represent examples of low (B1), medium (A1B),
and high (A2) increases in atmospheric CO,, the dom-
inant anthropogenic greenhouse gas, and in the total
radiative forcing among the suite of SRES scenarios.
They have been chosen to illustrate the climate model
response to a given emission pathway. They do not
span the full range of economically and technologically
feasible scenarios, and the selection of the three cases
does not imply a higher likelihood or feasibility of these
cases versus others.

All EMIC and AOGCM projections show that sea
level continues to rise due to thermal expansion for
several centuries after stabilizing the atmospheric CO,
concentrations and total radiative forcing. Thermal ex-
pansion for SRES A1B from EMICs by the year 2100
reaches 0.15-0.45 m and continues to increase substan-
tially until the year 3000 reaching 0.6-2.0 m (Fig. 3).
Note that none of these models includes the additional
runoff from Greenland or other land-based ice sheets
or glaciers. [Over the 1961-2003 period, thermal expan-
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TABLE 1. EMICs model parameters describing the response to changes in the external forcing. Model details for EMICs and
Hadley-SCM can be found in appendix A; details on the AOGCM AR4 and C4MIP models are given in Meehl et al. (2005a) and
Friedlingstein et al. (2006). For the C-GOLDSTEIN model, ensemble means from three perturbed physics ensembles with climate
sensitivities 3.0 (standard), 1.5, and 4.5 K (in parenthesis) are given. Results from the Hadley-SCM are included in the EMIC mean and
range. ECS, TCR, and ocean heat uptake efficiency (k; Gregory and Mitchell 1997; Raper et al. 2002) are defined as in Meehl et al.
(2007). EMIC results are derived from an idealized 2 X CO, profile with prescribed atmospheric CO,. ECS is calculated as the change
in global mean surface air temperature at year 3000. TCR and « are calculated from 20-yr-averaged quantities centered at the time of

CO, doubling (here year 70; see the text for details).

Model ECS (K) TCR (K) Kk (Wm2K™
EMICs
Bern2.5CC 3.20 1.70 0.89
C-GOLDSTEIN 2.93 (1.48-4.45) 1.75 (0.88-2.66) 0.83 (0.86-0.81)
CLIMBER-2 291 1.75 0.86
CLIMBER-2-LPJ 2.84 1.70 0.87
CLIMBER-3a 3.56 2.28 0.61
LOVECLIM 1.92 0.87 1.01
MIT-IGSM2.3 1.98 1.31 0.72
MoBidiC 1.96 1.01 1.08
UVic 2.7 4.27 2.02 0.85
Hadley-SCM 3.00 1.90 —
EMIC mean 2.86 1.63 0.86
EMIC range 1.92-4.27 0.87-2.28 0.61-1.08
AOGCMs AR4
AOGCMs AR4 mean 3.26 1.76 0.69
AOGCMs AR4 range 2.1-4.4 1.2-2.6 0.5-1.0
C4MIP models
C4MIP mean — 2.1 —
C4MIP range — 1.2-2.7 —

sion is estimated to contribute about 23% to the total
observed global sea level rise (Bindoff et al. 2007).] In
contrast, surface air temperature changes level off after
approximately a century, reaching 1.3-3.5 K by the year
2100 relative to the year 2000 for SRES A1B, only
modestly increasing thereafter to 2.2-4.6 K warming by
year 3000. The Atlantic meridional overturning circu-
lation (MOC; here defined as the maximum, annual
mean overturning in the North Atlantic below a depth
of 500 m) is temporarily weakened in all EMICs, but
recovers to nearly initial values in all but one of the
models after several centuries. The complete shutdown
of the Atlantic MOC in the Bern2.5CC EMIC leads to
an additional contribution to sea level rise as compared
to the other EMICs, a finding discussed in detail by
Knutti and Stocker (2000). It also illustrates that the
MOC might be close to a threshold in some of the
models, and that for strong enough forcings that last
long enough, nonlinear responses in the climate system
could be triggered (e.g., Stocker and Schmittner 1997
Stouffer and Manabe 1999; Hargreaves and Annan
2006; Mikolajewicz et al. 2007). In these kinds of mod-
els, the stability of the MOC depends quite strongly on
the various model parameters, in particular, on how
ocean mixing is parameterized (Knutti et al. 2000).
Note also that some AOGCMs show strong downward

drifts in the MOC already in the historical period
(Schneider et al. 2007; Meehl et al. 2007). These are
caused by a drift in the model control state and are
unrelated to the forcing.

Projected surface warming and sea level rise from
thermal expansion by years 2100, 2300, and 3000 for
SRES scenarios B1, A1B, and A2 (with constant atmo-
spheric composition after 2100; Fig. 1) and all EMICs
are summarized in Fig. 4. The EMIC results cover a
wide range for both surface warming and thermal ex-
pansion and this range increases over time. The global
mean surface air temperature increase over the twenty-
first century ranges from 0.7 to 2.3 K for the low-CO,
B1 scenario and from 1.5 to 4.5 K for the high-CO, A2
scenario. By year 3000, the warming increases to values
from 1.5 to 3.0 K for B1 and 2.9 to 6.1 K for A2. The
temperature increase after year 2100, which we term
the constant composition warming commitment, is 0.6—
1.6 K for B1 and 1.3-2.2 K for A2. In the standard case,
the aerosol forcing is kept constant after the year 2100.
However, it is likely that aerosol precursor emissions
decrease concomitant to the decrease in carbon emis-
sion required to stabilize the atmospheric CO,. Simu-
lations with the Bern2.5CC EMIC show a potential ad-
ditional 0.4 and 0.8 K warming by the year 3000 for
scenarios B1 and A2, respectively, when setting the
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F1G. 3. (a) Radiative forcing, (b) global mean surface warming, (c) sea level rise from thermal
expansion, and (d) Atlantic MOC from eight EMICs for IPCC scenario SRES A1B and stable radiative
forcing after the year 2100. EMIC results (colored lines) are compared to IPCC AR4 AOGCM results
(gray lines). Vertical bars to the right in (b)—(d) indicate + two standard deviation uncertainties due to
atmosphere, ocean, and sea ice parameter perturbations in the C-GOLDSTEIN model for three
ensembles with climate sensitivities of 1.5, 3.0, and 4.5 K. In (a) the concentration of equivalent CO,
is additionally given on the right axis. The CO, equivalents and radiative forcing are related through
Eq. (1). EMIC and AOGCM modelers were free to decide on which forcing components to include in
their historic runs and the future projections. As a result, radiative forcing values (and equivalents
of CO,) differ among the models included. Anomalies in (b) and (c) are given relative to the year

2000.
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FIG. 4. (a) Global mean surface warming and (b) sea level rise from thermal expansion since the year 2000 from
eight EMIC:s for the three IPCC illustrative SRES scenarios B1, A1B, and A2 and stable radiative forcing after the
year 2100. EMIC results (colored symbols) are compared to the range from the IPCC AR4 AOGCM results (red
circles). Light blue bars indicate * two standard deviation uncertainties due to atmosphere, ocean, and sea ice
parameter perturbations in the C-GOLDSTEIN model for three ensembles with climate sensitivities of 1.5, 3.0,
and 4.5 K. EMIC min-max values are highlighted by the gray-shaded area.

negative aerosol forcing (B1, —0.6 Wm ™% A2, —13 W
m~?) to zero after the year 2100. The thermal expan-
sion since the year 2000 ranges from 0.1 to 0.3 m for B1
and 0.2 to 0.5 m for A2 by 2100. By the year 3000, the
thermal expansion increases to values from 0.4 to 1.4 m
for B1 and 0.7 to 2.6 m for A2. This corresponds to a
post-2100 sea level commitment of 0.3-1.1 m for B1 and
0.5-2.2 m for A2. Figure 4 also illustrates that indepen-
dent of the scenario applied, the climate change com-
mitment from the thermal expansion takes much longer
to fully evolve compared to the surface warming com-
mitment, due to the large inertia of the oceans (Meehl
et al. 2005b; Wigley 2005). The wide spread of climate

change commitments projected by these eight EMICs
and the ranges for the perturbed physics ensembles
from the C-GOLDSTEIN model clearly indicate that
absolute values of projected climate change commit-
ments for any given scenario largely depend on the
specific model setup. Long-term global warming and
sea level rise from thermal expansion are both mainly
determined by climate sensitivity.

Comparison of these EMIC results with results from
comprehensive AOGCMs up to the year 2300 in Figs. 3
and 4 indicates that the suite of EMICs generally re-
produces the AOGCM behavior reasonably well on the
hemispheric-to-global scale. The average levels of pro-
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Fic. 5. Carbon emissions, atmospheric CQ, and climate response since preindustrial times for five
EMICs with an interactive carbon cycle and emission pathway SP750EC2100. (a) Prescribed cumulated
carbon emissions for SP750EC2100 (solid) and other emissions pathways (dashed), (b) modeled evo-
lution of atmospheric CO ,, (c) change in global mean surface air temperature, and (d) sea level rise from
thermal expansion. Annual carbon emissions have been inferred from the BernCC model for different
SP CO, stabilization profiles, and set to zero after the year 2100. The small increase in surface air
temperature near the year 2700 in the UVic ESCM is caused by sudden adjustments in convection sites
and sea ice as the Atlantic MOC recovers to near its preindustrial value.

jected surface warming for the suite of EMICs tend to
be lower than the ones from AOGCMs, whereas ther-
mal expansions from sea level rise tend to be higher,
consistent with the high EMIC ocean heat uptake effi-
ciencies shown in Fig. 2. (Note that the number of avail-
able AOGCMs is reduced after the year 2100; thus, the
AOGCM ranges at 2100 and 2300 cannot be compared
directly.) On the other hand, the transient reduction of
the meridional overturning circulation over the twenty-
first century in most EMICs is similar to the AOGCMs,
providing further support that this class of models can
be used for long-term commitment projections and
probabilistic projections involving large ensemble simu-
lations.

Recently, studies investigating constant composition
commitments (Knutti et al. 2005; Matthews 2006) have
used the previously introduced SP450-SP1000 COsta-
bilization profiles, where atmospheric CO, is stabilized
at levels from 450 to 1000 ppm. EMICs results for these
SP stabilization profiles lead to qualitatively very simi-
lar conclusions compared with the SRES scenarios dis-
cussed above. However, the CQ stabilization profiles
allow us to investigate the effects of different shapes of
CO, stabilization pathways on climate change and cli-
mate change commitments. Stabilization profiles with a

delayed turning point (DSP) or overshoot (OSP) in at-
mospheric CO, concentrations have been run by all
EMICs. The immediate climate change effects in these
adapted stabilization profiles turn out to be very similar
to the standard stabilization cases as the additional
radiative forcing is relatively small (not shown). Impli-
cations for the inferred emission reductions will be
discussed in section 3c (see Fig. 11). The suite of EMICs
might however underestimate the climate effects due to
these forcing differences as many potentially nonlinear
processes are not included (e.g., ice sheet, permafrost,
or ecosystem dynamics). Using an AOGCM and pre-
scribing a larger CO, overshoot, Tsutsui et al. (2007)
found larger and longer-lasting climate effects, particu-
larly in the ocean temperature and sea level response.

b. Zero emission commitment

The climate change commitments in response to ear-
lier carbon emissions are investigated with the five
EMICs that include interactive representations of the
global carbon cycle (Figs. 5-7). Anthropogenic carbon
emissions, inferred from four CO, stabilization pro-
files, are prescribed until the year 2100 and set to zero
thereafter until the year 3000. No other forcing agents
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