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Abstract

We compare future changes in global mean temperature in response to different future
scenarios which, for the first time, arise from emission driven rather than concentra-
tion driven perturbed parameter ensemble of a Global Climate Model (GCM). These
new GCM simulations sample uncertainties in atmospheric feedbacks, land carbon cy-
cle, ocean physics and aerosol sulphur cycle processes. We find broader ranges of
projected temperature responses arising when considering emission rather than con-
centration driven simulations (with 10-90 percentile ranges of 1.7 K for the aggressive
mitigation scenario up to 3.9 K for the high end business as usual scenario). A small mi-
nority of simulations resulting from combinations of strong atmospheric feedbacks and
carbon cycle responses show temperature increases in excess of 9 degrees (RCP8.5)
and even under aggressive mitigation (RCP2.6) temperatures in excess of 4 K. While
the simulations point to much larger temperature ranges for emission driven exper-
iments, they do not change existing expectations (based on previous concentration
driven experiments) on the timescale that different sources of uncertainty are impor-
tant. The new simulations sample a range of future atmospheric concentrations for
each emission scenario. Both in case of SRES A1B and the Representative Concen-
tration Pathways (RCPs), the concentration pathways used to drive GCM ensembles
lies towards the lower end of our simulated distribution. This design decision (a legecy
of previous assessments) is likely to lead concentration driven experiments to under-
sample strong feedback responses in concentration driven projections. Our ensemble
of emission driven simulations span the global temperature response of other multi-
model frameworks except at the low end, where combinations of low climate sensi-
tivity and low carbon cycle feedbacks lead to responses outside our ensemble range.
The ensemble simulates a number of high end responses which lie above the CMIP5
carbon cycle range. These high end simulations can be linked to sampling a hum-
ber of stronger carbon cycle feedbacks and to sampling climate sensitivities above
4.5K. This latter aspect highlights the priority in identifying real world climate sensitivity
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constraints which, if achieved, would lead to reductions on the uppper bound of pro-
jected global mean temperature change. The ensembles of simulations presented here
provides a framework to explore relationships between present day observables and
future changes while the large spread of future projected changes, highlights the on-
going need for such work.

1 Introduction

There are important unknowns both in how we understand the current climate system
and future socio-economic change, which lead to a broad spread in future projected
global mean temperature changes (Cox and Stephenson, 2007; Hawkins and Sutton,
2009). The unknowns external to the climate processes relate to different future path-
ways of population change, economic growth, technology developmnet and energy
use (Nakicenovic et al., 2000), while uncertainties in climate feedbacks (Knutti and
Hegerl, 2008; Collins et al., 2011) and carbon cycle processes (Friedlingstein et al.,
2006; Booth et al., 2012a) alongside processes which drive natural variability (Lee
et al., 2006) lead to differences in how the climate responds to these socio-economic
changes. On short lead times (10-15yr) internal variability represents a large fraction
of the total uncertainty, with the uncertainties in model response becoming more domi-
nant as the anthropogenic signal increases through the 21st century. By the end of the
century, differences in socio-economic pathways which diverge from present day, dom-
inate the global mean temperature spread. Yet much of our existing information on how
these uncertainties play out, is based on General Circulation Models (GCMs), driven by
future changes in atmospheric greenhouse gas concentrations (Hawkins and Sutton,
2009), a framework which explicitly ignores uncertainties in carbon cycle processses
(Friedlingstein et al., 2006) which relate emissions to global concentrations. As a result
emission driven projections have largely relied on simpler modelling frameworks and
to date, no study has explored future global mean temperature uncertainty from the
emission driven paradigm, using ensembles of full GCMs.

1057

ESDD
3, 1055-1084, 2012

Emission driven
global change

B. B. B. Booth et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I


http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/3/1055/2012/esdd-3-1055-2012-print.pdf
http://www.earth-syst-dynam-discuss.net/3/1055/2012/esdd-3-1055-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

GCMs and Earth System Models (ESMs) form the top of the hierarchy of climate
modeling tools. Their value is based on representing the climate processes within the
climate system. The response of these models to differences in future socio-economic
pathways is an emergent, rather than a prescribed property, which results from the in-
teraction of climate processes with the future concentration (GCM) or emission (ESM)
changes. Computationally these models are very expensive to run (with some state
of the art configurations capable of taking more than a year to simulate 240 climate
model years) and so there are limited realisations of these models available. Increas-
ingly we see ESMs incorporating processes controlling the exchange of carbon around
the climate system, which are capable of being driven directly by emissions, rather
than relying on future concentration pathways. These remain a minority of available
simulations.

Due to these computational limits on numbers of simulations with GCMs, much cur-
rent climate projection information is provided using simpler model frameworks which
rely on global energy balance assumptions to constrain the range of future changes.
At the simplest level these relate changes in climate forcing to global mean temper-
ature change based on assumptions about the nature of the ocean heat uptake and
sensitivity of climate feedbacks, but more commonly are capable of translating global
emission changes into concentrations and therefore global temperatures. These re-
lationships form the basis of Simple Climate Models (SCMs) and even some Earth
system Models of Intermediate Complexity (EMICs), which in turn are often used as
the climate component of Integrated Assessment Models (IAMs). These model frame-
works enable much more exhaustive sampling of possible future projections based on
different emission scenarios, and are capable of rapidly sampling uncertainties in the
responses. For example, the future projection advice in the last IPCC assessment re-
port used a SCM to synthesise the information on future projections (Fig. 10.26, WG1
SPM, IPCC, 2007). Similarly, Murphy et al. (2009) make use of a SCM to capture the
response of a number of GCM experiments designed to sample different climate un-
certainties, and provide projection information based on how these processes combine
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within the SCM. Credibility of projections using these tools arises from their ability to
capture the range of different future responses of a particular GCM, using a single
SCM configuration. While many of these tools provide only information on global mean
temperature, models on the more complex end of this spectrum (such as EMICs) often
extend these approaches to include spatial scales and other variables.

Here, in a complementary approach to the multi-model GCM assessments of cli-
mate uncertainties, we make use of a new ensemble of simulations which samples
uncertainty within a single coupled climate model GCM (HadCM3C) using a perturbed
physics or perturbed parameter approach. Murphy et al. (2004) demonstrated that un-
certainties in the physical model’s atmospheric and surface parameters could account
for a very large fraction of the uncertainty in Climate Sensitivity (the amount the cli-
mate would be expected to warm in response to a doubling of CO,). Since then similar
perturbations to Atmosphere-Ocean configuration of this model have been used to
explore uncertainties in transient climate change (Collins et al., 2006, 2011). This ap-
proach has been extended to look at ocean physics uncertianty (Collins et al., 2007;
Brierley et al., 2010) and the land carbon cycle (Booth et al., 2012a). In this latter study
Booth et al. (2012a) noted that the uncertainty in future climate projections arising from
land carbon cycle processes contributed comparably to future projection uncertainty
as Atmospheric feedbacks. The impact of these uncertainties and their interactions,
together with perturbations to the sulphur cycle, were explored within a single 57 mem-
ber ensemble (Lambert et al., 2012) for a central business as usual SRES scenario,
A1B.

Here we present a further two experiments which extend the future projections from
this ensemble of HadCM3C simulations to encompass a high end business as usual
scenario and, at the other end, a scenario for future emissions under aggressive mit-
igation. These simulations enable us to explore some of the implications for projec-
tions, arising from uncertainties in the modelling components. Here we reassess what
these uncertainties imply for future changes in atmospheric CO, and global mean
temperature, when considered from the perspective of emissions driven scenarios (as
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opposed to atmospheric concentration) where the full effect of carbon cycle feedbacks
are expressed. At the high end these simulations complement the new CMIP5 RCP8.5
emission driven simulations. For the central SRES A1B and the aggrissive mitigation
scenario (RCP2.6), these simulations represent a unique sampling of emission driven
uncertainty in ESMs.

2 Methods
2.1 Model framework
2.1.1 Perturbed parameter ensembles of HadCM3C

The model which underpins these ensembles (HadCMS3) has been in use for over 10 yr.
The resolution is coarser than a number of more recent models but still performs cred-
ibly, relative to multi-model GCMs, when compared to observed climate (Reichler and
Kim, 2008). The relatively lower resolution means that the computational cost of run-
ning a number of versions of the model (an ensemble) to explore uncertainty can be
contemplated. This is what is done here using HadCM3C, a coupled carbon cycle con-
figuration of the model (whose setup is described in Booth et al., 2012a).

The framework presented here is the culmination of experiments done to explore the
uncertainty in future climate projects using ensembles of GCM simulations which each
sample a different part of plausible model parameter space (Murphy et al., 2007). The
simulations presented here combine configurations previously used to explore uncer-
tainties in atmospheric physics (Collins et al., 2011), land carbon cycle (Booth et al.,
2012a), ocean physics (Collins et al., 2007) and aerosol sulphur cycle (discussed in
Murphy et al., 2007; Lambert et al., 2012). We refer to these 4 previous experiments
as the constituent ensembles. In the new simulations presented here (and in Lambert
et al., 2012) we combine each configuration from the constituent ensembles with differ-
ent combinations from the other three. So for example, the highest climate sensitivity
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configuration is paired up with different combinations from the land carbon cycle, ocean
physics and sulphur cycle configurations. The result is a 68 member coupled carbon
cycle climate model ensemble which samples each configuration from the constituent
ensembles 4 times. 11 members of this ensemble were subsequently rejected on the
basis of errors in reproducing past vegetation distribution and global temperature. The
design and subsequent rejection criteria are all discussed in detail in Lambert et al.
(2012). We will refer to this resulting 57 ensemble as the Earth System Ensemble (or
ESE).

2.1.2 CMIP5 emission driven simulations

Before analysing the Earth System Ensemble it is useful to provide a context of the
climate response with other available models. Until recently the obvious comparison
would have been with the Coupled Climate Carbon Cycle Model Inter-comparison
Project (C4MIP). Differences between the SRES A2 scenario used for C*MIP and
the scenario implementation (CO, emissions only) mean that this comparison is not
straight forward to do. Booth et al. (2012a) addressed this by utilising a simple climate
model, fitted to both HadCM3C and C*MIP to explore the differences in responses.
With the advent of emission driven historical and future scenarios in CMIP5 database,
the response of the ESE can be directly compared to multi-model ensemble, without
the need for simpler model tools.

Data for atmospheric CO, and global temperature change is available for 10 CMIP5
emission driven simulations at the time of writing. These models are: BNU-ESM,
CanESM2, GFDL-ESM2, HadGEMZ2ES, INM’s INMCM4, IPSL-CM5A-LR, MIROC-
ESM, MPI-ESM-LR, MRI-ESM1 and NCAR’s CESM1-BGC. GFDL-ESM2M also exists
on the archive (differing from GFDL-ESM2G presented here, only in the ocean physics
representation). Given the strong similarity in response between these two configura-
tions, we’ve considered them here, for global mean CO, and temperature responses,
to be one model. The historical and future scenario used to drive these CMIP5 models
is discussed in the next section.

1061

ESDD
3, 1055-1084, 2012

Emission driven
global change

B. B. B. Booth et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| II I


http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/3/1055/2012/esdd-3-1055-2012-print.pdf
http://www.earth-syst-dynam-discuss.net/3/1055/2012/esdd-3-1055-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

2.2 Scenarios

Here we consider 3 future emission pathways, one (SRES A1B) chosen to provide
continuity with previous ensembles, and two (RCP8.5 and RCP2.6) chosen to sample
the full spread of scenarios used by CMIP5 simulations.

The first of these pathways, the SRES A1B scenario (referred here after as A1B)
represents future emissions from greenhouse gases and aerosols under a business as
usual socio-economic scenario. The implementation of the boundary data to drive the
Earth System Ensemble is fully described in Collins et al. (2006). The exception is CO,
which, inline with the experimental design, is prescribed as an emission rather than an
atmospheric concentration (as described in Booth et al., 2012a).

The Representative Concentration Pathways (RCPs) are a series of future scenarios
of greenhouse and aerosols emissions consistent with a range plausible future socio-
economic scenarios and form the basis of the modelling work that will contribute to the
fifth assessment report of the IPCC (Taylor et al., 2012). The two most extreme path-
ways are examined here. RCP8.5 lies at the upper end of these pathways and is likely
to represent a fossil fuel intensive future. The “8.5” denotes the radiative forcing in 2100
(as estimated by the IAMs used to develop the RCP). These concentration pathways
are typically used for AOGCM simulations, and while individual AOGCMs may differ
somewhat in the magnitude of modelled radiative forcing, the RCP value is a good in-
dicator the the typical radiative forcing at the end of the century. In addition to enabling
concentration driven simulations, equivalent emission pathways for the RCPs are also
available, based on SCM relationship emissions and concentation (Meinshausen et al.,
2011b). Prescribing emissions, rather than concentrations, enables the carbon cycle
processes within a GCM to calculate the resulting CO, concentration changes explicitly.
This has been done for a number of CMIP5 coupled climate cycle models for RCP8.5
(detailed in the previous section) and the ESE. The subsequent CO, concentrations
may result in higher or lower concentrations than the representative pathway — and
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consequently the radaitive forcing in 2100 within these scenarios may also be higher
or lower.

The other RCP examined here is RCP2.6. This was developed to represent a radia-
tive forcing in 2100 of 2.6 W m~2. Unlike the other pathways considered here (or more
broadly within other sets drawn from the SRES or RCPs), this pathways is based on
assumptions of extensive and coherent mitigation of greenhouse gas emissions. With
these assumptions in place the radiative forcing peaks at 3W m~2 in the next 40 yr and
then declines to 2.6 Wm™ by the end of the century. RCP2.6 marks the first agres-
sive mitigation scenario used extensively by the full Climate Model Intercomparison
Project (CMIP). Within the fifth phase of this, CMIP5, this is done using concentration
pathways (Taylor et al., 2012). There is no official emission driven equivalent (as there
is with RCP8.5) to provide multi-model simulations with which to compare the ESE
simulations presented here.

For the two RCP emission driven experiments simulated by the ESE, the imple-
mentation of the boundary conditions is as described for HadGEM2ES in Jones et al.
(2011). There are a number of model processes (typically aerosol species beyond sul-
phates) that are included in the HadGEM2 models but which are not represented with
the HadCM3C framework used in the ESE (for example Black carbon, biogenic and
dust aerosols). The setup differed from Jones et al. (2011) for CO,, were emission
timeseries were provided rather than concentrations. This approach is the same as
that taken in the CMIP5, esmRCP85 scenario (Taylor et al., 2012).

The RCP and SRES historical boundary conditions also differ. These differences
are small for most of the historic periods but become slightly more significant after the
1990s where (aerosols in particular) start to diverge. The differences in implementation
are due to current uncertainties in the nature of historical changes. To account for
these scenario differences, historical simulations from 1860 onwards were performed
for every configuration (Lambert et al., 2012) and parallel RCP historical simulations
were forked from these runs in 1945 when discrepancies between the two historical
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estimates are small. This ensures that future projections (for SRES A1B, RCP8.5 and
RCP2.6) are run on from historical states that were consistent.

3 Results
3.1 Implications for future projections

As acknowledged in Hawkins and Sutton (2009), “progress in climate science may
sometimes broaden rather than narrow uncertainty”. They were referring to processes
which lie outside climate modelling systems and the impact that quantification will have
for spread of responses when they are included. Of course the underlying uncertainty
has not really increased in any real sense, but rather the increased spread accounts
for uncertain processes which previously lay outside the quantifiable framework. The
primary example at the time Hawkins and Sutton (2009) was written was carbon cycle
processes (which were not quantifiable in their analysis due to availability of simula-
tions).

We show the global mean temperature response, arising from the earth system un-
certainties explored in the ESE, give rise to broad spread in future responses (Fig. 1a).
By 2011, the median ensemble response (RCP scenarios) is already 1.1 K above the
1900 to 2000 baseline climate. Differences in the last 10yr compared to the obser-
vations are evident (Observations warm by 0.5K relative to same baseline) but these
still lie within the ESE envelope. Future temperature projections diverge in the future
depending on differences in the emissions scenario, ranging between a 2.3 K median
response above baseline for the aggressive mitigation scenario to a median response
of 6.1 K for the high end business as usual scenario. The spread of these responses is
broader than previous concentration driven GCM simulations, and is discussed further
in the following sections.

While the emission driven ESE simulations point towards a greater projection un-
certainty for global mean temperature than previous concentration driven simulations,
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they do not imply any fundamental change to the timescale on which different sources
of uncertainties play dominant roles. Previous work using concentration driven GCMs
(Hawkins and Sutton, 2009) point to the role different sources of climate projection
uncertainty play, on timescales. Despite marked increases in future projection spread
within the emission driven ensemble, the ESE produces a remarkably similar picture.
Over the shorter 30—50 yr term, the impact of different emissions scenarios or adoption
(or not) of explicit climate mitigation policies is not a significant factor in determining
the global mean temperature range. Here, the key uncertainties remain in climate re-
sponse (largely physical feedbacks) and internal variability within the climate system
(Fig. 1b). Whilst differences in emissions pathways will not significantly affect temper-
atures during this period, it should be noted that emissions and mitigation actions over
the next 30 yr will be the significant determinant of climate as we move towards the end
of the century.

In comparison with Hawkins and Sutton (2009) assessment, Figure 1b shows a small
scenario component to the total variance in the next 30 yr. This does not, as might be
inferred at first glance, imply that the emission scenario uncertainty is playing a larger
role on this timescale. Instead it represents differences between the SRES and RCP
implementation of present day and historical climate forcings. The RCP implementa-
tion made revisions to estimates of a number of emission and concentration changes
and while small, highlights that there are current uncertainties in some of the historical
drivers of climate change. This uncertainty is likely to have a small, but appreciable,
impact on projections over the next 30yr, an aspect that has not previously been ap-
preciated.

As we look out to the end of the century, uncertainties in future global temperatures
rapidly increases and differences between different emission scenarios becomes ap-
parent (Fig. 1a). The inclusion of carbon cycle uncertainties within this GCM assess-
ment leads to a much broader range of temperature responses for a given scenario
than previous estimates using concentration driven GCMs (discussed in more detalil
in the next subsection). Differences in future emission pathways is still the dominant

1065

ESDD
3, 1055-1084, 2012

Emission driven
global change

B. B. B. Booth et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I


http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/3/1055/2012/esdd-3-1055-2012-print.pdf
http://www.earth-syst-dynam-discuss.net/3/1055/2012/esdd-3-1055-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

uncertainty by 2100 despite the increase in model uncertainty illustrated here (Fig. 1b).
In other words, despite large climate change uncertainties, differences between pos-
sible future emissions will have the biggest impact on what we can say about what
the climate system will look like in 2100. Differences between the ensemble median
responses of the two emission pathways which bound the high and low end (RCP8.5
and RCP2.6) are larger than the Hawkins and Sutton (2009) range largely due to the
inclusion in this analysis of an emissions pathways which accounts for aggressive mit-
igation (RCP2.6) and one which lies closer to the upper end of business as usual type
scenarios (compared to SRES A2 used in Hawkins and Sutton (2009)).

What is not discussed in Hawkins and Sutton (2009) is that there is a strong depen-
dence of the uncertainty in the model response and the particular scenario. Yip et al.
(2011) characterised this as an additional, interaction uncertainty but did not go fur-
ther and highlight that the dependence is based on the magnitude of future emission
changes. The model response uncertainty (using simulated spread between 10-90
percentiles) more than doubles from 1.7K in RCP2.6 to 3.9K in RCP8.5 (Table 1),
highlighting how mitigating future emissions not only reduces future global mean tem-
perature change but also reduces the spread.

3.2 Responses of the Earth System Ensemble

We can break down the plume of future projections (Fig. 1a) into the component at-
mospheric CO, and temperature responses for each scenario (Fig. 2). For RCP8.5 the
CO, and temperatures continue to rise during the 20th century, reaching 1106 ppm
(ensemble median, 864—1389 ppm 10-90 percentile range, see Table 1 for summary
statistics) and 6.1 K (ensemble median, 4.2—8.1 K 10-90 percentile range). This can be
compared with the projections using the SCM MAGICC6 (Meinshausen et al., 2011b)
for RCP8.5 (Meinshausen et al., 2011a) based on SCM fits to the climate response
of 19 CMIP3 concentration driven GCMs and 9 C*MIP coupled carbon cycle climate
models (Meinshausen et al., 2011c). The ESE projections span the MAGICC6 RCP8.5
CO, and global temperature responses over the coming century, from the low to the
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high bounds. In addition a number of stronger ESE CO, and temperature responses
lie above this SCM range (something we return to in the next section).

Under aggressive mitigation (RCP2.6) the mean ESE response is 451 ppm (10—
90 range: 390-514ppm). The mean response is 2.3K (10-90 range: 1.5-3.2K).
Comparisons with the SCM projections for the same RCP2.6 scenario (Meinshausen
et al., 2011c) shows that the median ESE responses tend to be larger magnitude
by 2100. Whether this is due to real differences between the ESE and response
that CMIP3/C*MIP simulations would have produced under this emission pathway or
whether it points to difficulties in establishing carbon cycle responses to emission cuts
in CO, using SCMs is an open question. Lowe et al. (2009) illustrated that once atmo-
spheric CO, concentrations have reached a certain level, they are remarkably resistent
to future reduction driven by subsequent emission cuts. That the SCM RCP8.5 projec-
tions lie within the ESE range, but there is a suggestion that the SCM RCP2.6 appears
to diverge suggests that this maybe the case. If so, this highlights the importance of
aggressive mitigation scenarios for coupled carbon cycle climate models with which to
calibrate SCMs responses, currently data which is not commonly available. As Mein-
shausen et al. (2011b) note, the RCP scenarios represent a rather stringent test as
the future pathways fall well outside the SRES scenarios that the SCM was calibrated
against.

Another evident feature of the RCP2.6 responses is that the inherient uncertainty in
ESE climate system representation, is much reduced (1.7 K 10—90 range compared to
3.9Kin RCP8.5). Even under aggressive mitigation, a small number of models suggest
a large global mean temperature response is possible (with one model suggesting CO,
could exceed 500 ppm and with 3 models with temperature responses in excess of 4 K),
implying that high levels of climate change cannot be ruled out — something we return
to in Sect. 4.

For the SRES A1B scenario (chosen as a central marker scenario within the SRES
range) the changes are not as large (median 794 ppm and 10-90 range 635—972 ppm;
median 4.3K, 10-90 range 2.8 to 6.1 K) but still substantially greater than during the
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last century. Here we can compare the temperature response from the ESE ensemble
with that sumulated by the equivalent concentration driven ensemble (Collins et al.,
2011). The 2100 temperature response lies between 2.50K and 7.30K in A1B which
compares to the much smaller temperature range for the concentration driven A1B sce-
nario between 2.50K and 4.65K (black and orange box and whisker bars, figure 2d).
The concentration driven simulations are broadly in line estimates from multi-model
concentration driven GCMs (Collins et al., 2011).

The previous IPCC report which put the likely range to be between 1.7 and 4.4. This
upper bound is considerably smaller that suggested by the emission driven ESE. This
range was largely informed by a combination of available Atmosphere-Ocean Global
Climate Models (AOGCMs) and ranges from SCMs. Knutti and Hegerl (2008) show
that a number of sources of information (notably C*MIP simulations and Knutti et al.’s,
2003, emulation) were not available to inform the SRES A1B range in previous as-
sessments. However, their inclusion with the information for the A2 scenario raises the
upper bound for this projection (by almost 2 degrees in the case of Knutti et al. (2003)).
The temperatures presented here for the ESE in SRES A1B are more in line with the
underlying uncertainty explored within this latter study.

Lambert et al. (2012) show that the ESE temperature distribution range is broadly
consistent with what would be expected from interactions between climate and car-
bon cycle feedbacks using a SCM tuned to reproduce the atmospheric (Collins et al.,
2011), carbon cycle (Booth et al., 2012a), ocean physics (Collins et al., 2007) and sul-
phur cycle (Lambert et al., 2012) within the component GCM ensembles that make
up the ESE. While Lambert et al. (2012) found evidence of interactions between the
components, this does not lead to a significant broadening of the expected range. The
reasons for the increase to the upper temperature bound, over many previous esti-
mates, are linked to ranges of climate sensitivies and carbon cycle feedbacks and are
discussed in more detail in the following two section sections.

It is worth highlighting the comparison of the range of future atmospheric CO, con-
centration projections with the concentration pathways used for multi model ensembles.
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The SRES A1B concentration (dashed red line, Fig. 2c) lies well toward the lower por-
tion of the ESE distribution. This is a concentration pathway based on the standard
Bern-CC configuration which provided the SRES concentrations based on SRES emis-
sions. The carbon cycle feedbacks of this model are known to be on the low end of the
multi-model response (Friedlingstein et al., 2006; Booth et al., 2012a). Under SRES
A1B, only 11 of the 57 ESE GCMs simulated lower CO, concentrations by the end
of the century compared to the representative pathway/Bern-CC. In contrast 46 sim-
ulations produce larger concentrations than Bern-CC (704 ppm), reaching as high as
1060.4 ppm in 2100 in one of the models. We see a similar picture in both RCPs ex-
amined with ESE. This is because the SCM used to map emissions to concentrations
for the RCPs, MAGICC6.0 (Meinshausen et al., 2011b), is tuned to match the carbon
cycle response from Bern-CC.

3.3 Context within CMIP5 simulations

The Earth System Model ensemble responses illustrated in Figs. 1 and 2 are unique,
but it is important to relate them to other available information to provide a context for
these climate projections. The advent of emission driven historical and future (RCP8.5)
simulations under the CMIP5 protocol of experiments provides common basis for this
comparison. It is interesting to note the relative role of physical climate responses and
carbon cycle feedbacks within CMIP5 runs. The ordering of future responses for both
temperature and CO,, is only partly determined by the magnitude of climate sensitivity
(indicated by colours in Fig. 3).

The first aspect of the comparison of global temperature that is immediately evident
(Fig. 3a and b) is that while the ESE ensemble explores a broader range of tempera-
ture, the ensemble mean is also substantially larger than that of the CMIP5 ensemble
mean (6.13 K relative to #). The ESE range explores temperatures substantially larger
than CMIP5 and does not capture temperature responses below 4K for the RCP8.5
scenario. While most CMIP5 models (7 out of 10) fall within the ESE range, 3 models
(INM, GFDL-ESM2 and MRI-ESM) explore temperatures below the ESE’s lower bound
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(3.1, 3.4 and 3.3 K respectively). The reasons for these differences at both the high and
low end, relate to differences in physical climate feedbacks and carbon cycle responses
between the two ensembles. These are discussed later.

In contrast, when comparing future atmospheric CO, concentrations (Fig. 3c and d)
the ESE is able to encompass the full range of the CMIP5 projections (ranging from
MRI-ESM on the lower bound, up past MIROC-ESM on the upper bound). In addi-
tion the ESE ensemble simulates responses that lie above the CMIP5 range and there
are reasons to do with the differences in carbon feedbacks why we would expect this.
Firstly, recent analysis of CMIP5 carbon cycle responses (Arora et al., 2012) suggests
that upper bound of carbon cycle sensitivity is likely to be smaller than in C*MIP. Uncou-
pled experiments for the ESE which would enable use to make direct comparisons are
not currently available. What we can say is that one factor which ma?/ contribute to this
reduction in upper bound is because the model which marked the C"MIP upper bound,
HadCMB3L (the lower resolution version of the standard HadCM3C configuration, per-
turbed in the ESE), was not submitted to CMIP5. So we would expect a larger upper
bound in the ESE compared to CMIP5 on this basis alone. In addition, perturbations to
HadCMS3C span most of the c*MIP range and sample a handful of stronger carbon cy-
cle responses than the standard HadCM3C configuration (Booth et al., 2012a), which
will also contribute to the larger upper bound. It is worth noting that the carbon cycle
spread is not centred around a high carbon feedback model variant. 51 out of 57 ESE
simulations lead to smaller atmospheric CO, concentrations in 2100 than the standard
HadCM3C, despite many of these configurations having larger climate sensitivities.

To understand why the ESE and CMIP5 explore different parts of the future range,
it is useful to compare the climate sensitivities of the models which make up these
ensembles (Fig. 3e). The most obvious difference between the two, are the 5 at-
mospheric configurations with climate sensitivities above the most sensitive CMIP5
model (MIROC-ESM). Plotting only those ESE configurations with sensitivities within
the CMIP5 climate sensitivity range (grey and blue lines, Fig. 3a) excludes most of
the high temperature responses within the ESE ensemble. So differences in the upper
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bound of climate sensitivity appear to explain most but not all of the temperature re-
sponses above the CMIP5 range. Even if we were able to exclude those models with
larger climate sensitivities, for example though better observation constraints, there
would still be a small number of configurations that simulate Atmospheric CO, con-
centrations well above the CMIP5 range, which even with the smaller upper climate
sensitivity values lead to stronger warming. This is related to the inclusions of models
with stronger carbon cycle feedbacks than CMIP5 (see discussion above). Excluding
the high sensitivity simulations leads to a slightly lower median ESE CO, concentration
by 2100 (1078 ppm compared to 1106 ppm in the full ensemble) as climate-carbon cy-
cle feedbacks respond to smaller temperature changes across the ensemble. However,
inclusion of models with high climate sensitivities appears to have only small impact on
the range of atmospheric CO, for business as usual scenarios (10-90 range actu-
ally increases for RCP8.5, see Table 1). This is in contrast with the mitigation scenario
where the climate sensitivity does have a larger impact on the range of CO, responses.

Returning to the 3 CMIP5 models with low magnitudes of global warming. These lie
outside the distribution of modelled ESE responses presented here. It is not the case
that the component of these responses due to carbon cycle processes, lie outside the
ESE model range (the ESE spans the CMIP5 atmospheric CO, concentrations, Fig. 3).
Nor is it the case that that these models are outside the climate sensitivity range (only
INM lies below the ESE range of climate sensitivities, Fig. 3e). The experimental design
(a latin hypercube, see Lambert et al., 2012) is set up to span ESE response space but
not to explicitly explore the corners. The ESE does not sample this low carbon cycle
feedback, low climate sensitivity corner. This is illustrated (Fig. 3, dashed blue lines)
by showing the CO, and temperature responses of 4 ESE configurations using the
low climate sensitivity, where carbon cycle combinations lead to mid/high atmospheric
CO, concentrations. If there was only a single CMIP5 model in this particular low car-
bon cycle, low sensitivity part of model space, we could perhaps assume that this was
just chance sampling of possible model processses. The fact that there are 3 CMIP5
models suggests that it is unlikely to be the lower limit of all possible coupled carbon
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climate model responses. Therefore, is it more probable that there are structural differ-
ences in HadCM3C which limits its ability to capture the low end of possible emission
driven responses (Arora et al., 2012).

4 Discussion and conclusions

What we have shown is that sampling uncertainty from the emission, rather than con-
centration, prespective can lead to a very broad range of future atmospheric concen-
trations and resulting temperature changes. It is important to note here, that no attempt
has been made to formally assess which of these projections are more likely. This is
an important step before information from these kind of simulations can be most ef-
fectivley used in understanding future climate change. For example a number of the
ESE members diverge from observed CO, values in present day. This is also evident
for CMIP5’s MRI-ESM which under estimates the observed trend. Uncertainties in the
historical carbon emissions, not sampled in the ESE, will first need to be accounted for
before we could use these present day values to weight the models. One of the primary
motivations for developing the ESE simulations presented here, is that they will provide
a framework with which to explore simulated and observed climate changes. Cox et al.
(2012) points to metrics via which we can relate observable properties of the climate
system to aspect of the future projections. The strength of the ESE is that it simulates
broad ranges of responses within which we can explore these and other relationships,
and these simulations are expected to help inform this future work.

In the previous section we touched on the relationship between climate sensitivity
and the ESE temperature responses. We can use this to illustrate the implication for
what we could say if we could narrow the climate sensitivity range. The previous IPCC
assessment estimated the likely range of climate sensitivity as being between 1.5K
and 4.5 K. Work done to constrain the range based on observational metrics suggests
that it is very unlikely that the value of the real world lies below this range. However, as
the last assessment notes: “Values substantially higher than 4.5 K cannot be excluded,
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but agreement with observations is not as good for those values”. The relationship
between high climate sensitivity and temperature response in this ensemble implies
that if we can constrain the climate sensitivity of the real world below this value then
we can exclude many of the warm outliers. In particular this would drop the worst case
temperature response under RCP2.6, from 4.1 to 3.2K. For the high end RCP8.5,
rejecting high sensitivity models would lead to the 90th percentile dropping from 8.1
to 6.8 K. Knutti and Hegerl (2008) in their review of climate sensitivity, show that it is
very difficult to narrow this upper range despite drawing information from a very broad
range of sources. There are more recent suggestions (Sexton et al., 2012; Sexton and
Murphy, 2012) that systematic comparisons of modelled and observed climate may
provide a stronger constraint than previously but this question is still very much an
open one. These results highlights why it is so important to narrow down the range of
climate sensitivity consistent with the real world.

We find interesting behaviour of the carbon cycle between different scenarios. There
is a relationship between high climate sensitivity and high atmospheric CO, in the
RCP2.6 (presumably acting via larger climate-carbon cycle feedbacks). The relation-
ship is much weaker under RCP8.5 where, for example, the largest CO, response
is not linked to these high climate sensitivity configurations. This means that different
carbon cycle configurations determine the high end CO, response, depending on the
future emission pathways. This implies that we will need to find constraints for different
aspects of carbon cycle to narrow future uncertainties depending on the future sce-
nario. Much more work will need to be done on this, but having an ensemble of this
kind will enable us to identify and explore mechanisms behind these questions.

We have shown in this paper that sampling uncertainties arising from atmospheric
physics, land carbon cycle, ocean physics and sulphur cycle can lead to a broad range
of future atmospheric CO, and temperature responses for 3 future emissions scenar-
ios. Lambert et al. (2012) demonstrate that for A1B this range is largely consistent
with what would be expected from energy balance and simple carbon cycle assump-
tions alone, based on information from the component Atmospheric Physics (Collins
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et al., 2011), Land carbon Cycle (Booth et al., 2012a), Ocean Physics (Collins et al.,
2007) and sulphur cycle (Lambert et al., 2012). Interactions between the components
represented a quantifiable but smaller contribution to the overall spread (Lambert et
al., 2012). Our ensemble simulates a range of future CO, concentrations which span
CMIP5 RCP8.5 emission driven runs, and extends above CMIP5 to capture larger re-
sponses. With temperature the ESE range is both broader and offset to larger values.
The differences in the upper bound can be linked both to differences in the upper
range climate sensitivities sampled, and to a number of configurations which produce
strong CO, responses. Differences on the lower temperature bound between CMIP5
and ESE suggest that there may be structural differences between the two ensembles
which limits the ESE’s ability to capture low temperature responses for emission driven
simulations.

We’ve returned to analysis, previously done with concentration driven GCM ensem-
bles (Hawkins and Sutton, 2009) to establish whether previous inferences of the source
of different climate uncertainties on different timescales, still holds for emission driven
simulations. We find that differences between the emission driven scenarios consid-
ered here, remain small over the next 30-50 yr, but become the dominant uncertainty
by the end of the century. It remains an open question for the reader whether we con-
sider each of these scenarios to be equally realisable over the next century. It is worth
noting that both this and the previous analysis on timescales that different sources
of uncertainties play a role on are largely based on greenhouse gas driven scenar-
ios. Emerging understanding of importance of other drivers, such as aerosols (Booth
et al., 2012b) or land use changes, may mean that there will be a larger dependence
on the scenario earlier in the century (than estimated here or in Hawkins and Sutton,
2009) particular as we move way from global mean responses and consider regional
changes.

Overall, assessing the relative importance of climate uncertainties for different
timescales confirms much of the same analysis originally done with concentration
driven AOGCMs. The range of projections arising from this ensemble of emission
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driven Earth System models is broader than previous concentration driven estimates.
The atmospheric CO, and global temperature responses span the range of RCP8.5
Simple Climate Model projections, calibrated against previous C*MIP/CMIP3 simula-
tions. A number of simulations also suggest larger responses than this SCM estimate,
which is linked to larger climate sensitivities sampled more frequently in the atmo-
spheric physics (Collins et al., 2011) than CMIP3 and a small number of stronger car-
bon cycle responses than c*MIP (Booth et al., 2012a). These simulations provide a
framework within which we can look for observable properties to provide indications of
which simulations are more plausible.
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Uncertainty in decadal mean temperature
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(A)  ESE: Global Temperature Change 100
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Fig. 1. The global mean temperature response to RCP and SRES scenarios. The projected
response to RCP8.5 (red), SRES A1B (yellow) and RCP2.6 (blue) are shown for the ESE en-
semble (left panel). The mean response of each ensemble is shown (bold line). The fraction of
the total variance explained by differences in future scenarios (green), model response (blue)
and internal variability (orange) are shown (right panel) for each decade ahead. The observa-
tions (HadCRUTS) are overplotted in light grey for the historical period. Differences between the
mean ensemble response and the observations are evident in the last 10 yr, though the obser-
vations still within the ESE distribution. The second panel shows the fraction of total variance
in decadal global mean surface air temperature projections explained by the scenarios uncer-
tainty (green), model response (blue) and internal variability of the climate system (orange),
calculated using the methodology described in Hawkins and Sutton (2009).
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Fig. 2. Simulated CO, (panels A, C and E) and Temperature (panels B, D and F) for RCP8.5
(A and B), SRES A1B (C and D) and RCP2.6 (E and F) are show for the ESE. The concentra-
tion profiles (dashed red lines) used to with CMIP5 and CMIP3 concentration simulations also
shown. The 2100 values from these concentration pathways, are marked by the red crosses
to the right of these panels. The black box and whisker bars (right of panels) indicate the full
range (thin line), 10th—90th (medium line) and 25th—75th (thick line) and median (central bar)
of the CO, and global mean temperature at the end of the century. The CO, value is the annual
mean value for 2099 while the global mean is the mean of the last 5yr (to minimise the impact
of internal variability). For temperature panels, box and whisker bars illustrate the distribution of
responses if climate sensitivity values larger than CMIP5 models are excluded. Also includedis
the distribution of global mean temperature responses, for the equivalent atmospheric physics
response, to the concentration driven SRES A1B scenario (orange box and whisker bar, based
on Collins et al., 2011).
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Fig. 3. Caption on next page.

Climate Sensitivity (K)

1083

ESDD
3, 1055-1084, 2012

Emission driven
global change

B. B. B. Booth et al.

Title Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| II I


http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/3/1055/2012/esdd-3-1055-2012-print.pdf
http://www.earth-syst-dynam-discuss.net/3/1055/2012/esdd-3-1055-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

Fig. 3. Comparison of ESE and CMIP5 responses. The figure shows projected ESE (left) and
CMIP5 emisRCP85 (right) responses for global mean temperature (upper panel) and atmo-
spheric CO,, (central panel). For the ESE projections, colours are used to distinguish between
models with climate sensitivities above 4.5 K (orange) and those below (grey). The 4 ESE con-
figurations with the low climate sensitivity configuration are overplotted (dashed blue). The box
and whisker bars indicate the full range (thin line), 10th—90th (medium line) and 25th—75th (thick
line) and median (central bar). This is presented for the full ESE range (orange), the ESE range
when high climate sensitivities are excluded (grey) and the CMIP5 range (black). The colours
and the CMIP5 projections (right) indicate the relative magnitude of climate sensitivity of each
simulation (based on values in the lower panel). The lower panel shows the ranking for CMIP5
model (short, coloured bars) with estimates for the 17 Atmospheric configurations which make
up the ESE ensembile (thin black bars). The original 68 members of the ESE ensemble com-
bines each atmospheric configuration with 4 different combinations of land carbon cycle, ocean
physics and aerosol configuration, (Lambert et al., 2012). The resultant 57 members (after 11
combinations were rejected based on 1860 climate, Lambert et al., 2012) therefore contains
multiple incidences (up to 4) of each of these climate sensitivities (thin black bars). The climate
sensitivities were estimated from 1 percent CO, ramp experiments for the perturbed HadCM3
configurations (Collins et al., 2011) and CMIP5 estimates are based on Andrews et al. (2012).
The exceptions to this are values for NCAR’s CCSM4 (T. Andrews, personal communications,
based on same methodology, 2012) and BNU for which data was not available at the time of
submission. Where the CMIP5 configuration used to estimate the climate sensitivity excluded
carbon cycle processes, we make the assumption that the inclusion of these carbon cycle pro-
cesses in this analysis does not change the climate sensitivity.
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