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Overview

• Developments in emission scenarios
• Using them to assess impacts
• Emulation of complex models
• Carbon budgets



Emission scenarios 

Possible future anthropogenic emissions of 
greenhouse gases (e.g. CO2, CH4), pollutants (e.g. 
sulphur dioxide, black carbon) and land-use change
• Thought experiments

– Shell Sky
• Sector models

– 100% renewable (Creutzig et al., 2017; Jacobson et al., 
2017)

• Integrated assessment models
– Representative Concentration Pathways (RCPs)
– Shared Socioeconomic Pathways (SSPs)



Integrated Assessment Models

Whole system consistent approach (economy, society, 
environment)
• Process based interactions between 

sectors/elements
• GHG pricing mechanisms
• Recent developments couple more to regional 

land use models for bioenergy, water-use, food 
security etc.

• Known to underestimate speed of some 
transformations 

• Nearly all exclude climate impacts
• Cost estimates of carbon dioxide removal



Shared Socioeconomic 
Pathways (SSPs)

As the effectiveness and costs of mitigation and adaptation will be very sensitive to the
assumptions about climate policy, it is important to specify these clearly. Those policy factors can
be seen as another dimension of the matrix architecture that characterizes the nature of the policy
response (see Fig. 2) (for instance, in terms of participation, timing and international cooperation).
While research teams will often make their own assumptions about climate policies, here, as for the
SSPs, it is also useful to formulate a small number of shared (climate) policy assumptions (SPAs)
that are common to different studies, hence improving the ability to compare scenarios across
models and analyses. The concept of SPAs is discussed in detail in Kriegler et al. (Submitted for
publication in this special issue). Because GDP and other variables could be affected by climate
policies and by climate change impacts, the elaboration of scenarios that include one or both of these
factors may well modify some of the SSP assumptions. Moreover, some SPAs are less likely for
specific SSPs: for instance, it is not likely that all parties participate in international climate policy in
a world that is characterized by fragmentation in other policy areas.

2.6 The climate dimension

The vertical axis in the scenario framework is defined in terms of RCPs, i.e. the level of radiative
forcing. There are large uncertainties surrounding model projections of future climate for a given
level of radiative forcing, due to factors such as the inherent unpredictability of natural climatic
variations, global climate sensitivity in response to anthropogenic forcing and regional patterns
of climate response (Christensen et al. 2007; Meehl et al. 2007; Tebaldi and Arblaster, Submitted
for publication in this special issue; Van Vuuren et al. 2008). Regional projections of some
climatic variables (such as precipitation and wind speed), which can be crucially important for
impacts in certain sectors and systems, are even more uncertain than projections of others (such
as air temperature). This is also true for the timing, pattern, frequency, duration, and intensity of
weather events, which provides critical information for impacts assessments. Together, this
implies that a specific climate model projection for a given RCP level might differ greatly from
the projection from another climate model for the same forcing. This “climate change” uncer-
tainty can be regarded as another axis of the framework (Fig. 3). It is important to address this
uncertainty as much as possible by using a large range of ESM outputs (or pattern scaling results,
see Tebaldi and Arblaster, Submitted for publication in this special issue). While analysts are
increasingly applying multi-model ensemble climate projections in impact studies (e.g. Araújo
and New, 2007; Diffenbaugh and Field, 2013), this is not always feasible. One way to handle the

Fig. 2 The policy assumptions may vary within a SSP. Therefore, it can be defined as an additional axis within the
framework. Shared policy reference assumptions (SPAs) to characterize the policy context are discussed in Kriegler
et al. (Submitted for publication in this special issue). Examples of such SPAs are assumptions on mitigation policy
(e.g. uniform carbon price versus detailed regulation) and adaptation policy (e.g. the level of international
cooperation). Clearly, relationships exist between the SSP, the policy assumptions, and the forcing level
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key role here (Ebi and Yohe 2013). This topic is explored further by Kriegler et al. (Submitted for
publication in this special issue).

Figure 6 illustrates how costs associated with policy and impacts could vary across the matrix
(depending on assumptions in SPAs regarding adaptation andmitigation). The colors do not suggest
there will be a single value of costs for each matrix cell. In contrast, given uncertainties in cost
estimates across different models, climate model uncertainty etc., there will be a range of outcomes
for each cell. Still, the framework could be a basis to compare different studies, bridging different
cells across the columns and rows of the matrix. In an analysis, it might be in interesting to include
additional forcing levels between the RCP levels when these forcing levels are an important part of
ongoing policy-making activities.

3.2 The scenario matrix architecture as a tool for assessment

The scenario matrix architecture can also be used as a heuristic tool and as a basis for new
scenario development. Again, some examples are presented below.

3.2.1 The matrix as heuristic tool

One important use of the matrix structure is as a heuristic tool, classifying typical published
examples of combinations of factors that are crucial for adaptation and mitigation. By
locating studies in different cells of the matrix, these studies can more readily be compared
and evaluated. For example, let us assume that different studies have estimated the costs of
mitigation policy for a wide range of different baselines. Such scenarios may include some
with high technology development and global cooperation and others with slow technology
development and little global cooperation. Classifying scenarios from the literature within
the matrix might in that case allow researchers to account for these differences and thus
compare scenarios with similar assumptions. Something similar was done in the IPCC
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Fig. 6 Illustrations of how the matrix architecture can be used to look into the cost and benefits of climate policy
(indicated by the different colours). Different categories of climate policy costs and residual impacts are expected
to vary across the cells of the matrix. The empty cell (dashed lines) illustrate that not all combinations of forcing
levels and SSPs may be consistent. Colours in the left hand matrix illustrate how achievement of lower forcing
levels imposes a greater mitigation cost for any given SSP, but that this cost also depends on the SSP being
followed. Colours in the right hand matrix suggest how the costs of avoiding a certain amount of impact (not
specified here) through adaptation, combined with the impact costs that remain, are greater under some SSPs than
others and under higher levels of forcing. The use of the framework to exploremitigation and adaptation policies is
further elaborated in Kriegler et al. (Submitted for publication in this special issue). The 3.7 W/m2 level has been
added to illustrate that other levels of radiative forcing than the four RCPs may also be explored
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van Vuuren, et al. Climatic Change (2014) 
https://doi.org/10.1007/s10584-013-0906-1

1.9Wm-2 added 
Rogelj et al 2018, 
Nat. Clim.Change



SSP database

IASA - International Institute for Applied Systems Analysis

http://www.iiasa.ac.at/


Use in Climate Models:
ScenarioMIP

3470 B. C. O’Neill et al.: The Scenario Model Intercomparison Project (ScenarioMIP) for CMIP6

Figure 2. SSP-RCP scenario matrix illustrating ScenarioMIP simulations. Each cell in the matrix indicates a combination of socioeconomic
development pathway (i.e., an SSP) and climate outcome based on a particular forcing pathway that current IAM runs have shown to
be feasible (Riahi et al., 2016). Dark blue cells indicate scenarios that will serve as the basis for climate model projections in Tier 1 of
ScenarioMIP; light blue cells indicate scenarios in Tier 2. An overshoot version of the 3.4 W m�2 pathway is also part of Tier 2, as are
long-term extensions of SSP5-8.5, SSP1-2.6 and the overshoot scenario, and initial condition ensemble members of SSP3-7.0. White cells
indicate scenarios for which climate information is intended to come from the SSP scenario to be simulated for that row. CMIP5 RCPs, which
were developed from previous socioeconomic scenarios rather than SSPs, are shown for comparison. Note the SSP1-1.9 scenario indicated
here is preliminary (see text).

lower than the RCP 2.6 forcing pathway aims to help in-
form policy discussion of a global average temperature
limit below 1.5 �C warming relative to pre-industrial
levels. It also includes SSP5-3.4-OS, an overshoot path-
way, which explores the climate science and policy im-
plications of a peak and decline in forcing during the
21st century.

3.2.2 Description of each scenario and its rationale

We provide here more specific descriptions and justifications
for each of the experiments in the design, as well as for some
over-arching features of the design. For each of the 21st cen-
tury scenarios, we describe the relevance of the forcing path-
way and also the rationale for the choice of the driving SSP.
Figures 3 and 4 summarize the emissions and land use path-
ways associated with each scenario, and also provide atmo-
spheric concentrations and global average temperature re-
sponses as estimated with a simple climate model.

Tier 1: 21st century scenarios

SSP5-8.5: this scenario represents the high end of the range
of future pathways in the IAM literature, updates the
RCP8.5 pathway, and is planned to be used by a num-
ber of other CMIP6-Endorsed MIPs (Table 2) to help

address their scientific questions. SSP5 was chosen for
this forcing pathway because it is the only SSP scenario
with emissions high enough to produce a radiative forc-
ing of 8.5 W m�2 in 2100.

SSP3-7.0: this scenario represents the medium to high end
of the range of future forcing pathways. It fills a gap
in CMIP5 forcing pathways that is particularly impor-
tant because it represents a forcing level that is sim-
ilar to forcing in the SSP2 baseline scenario as well.
Baseline scenarios will be very important to IAV stud-
ies interested in quantifying “avoided impacts,” which
requires comparing impacts in a mitigation scenario
with those occurring in an unmitigated baseline sce-
nario. SSP3 was chosen because SSP3-7.0 is a scenario
with both substantial land use change (in particular de-
creased global forest cover) and high NTCF emissions
(particularly SO2) and therefore will play an important
role in LUMIP and AerChemMIP, addressing scenario-
relevant questions about the sensitivity of regional cli-
mate to land use and aerosols. In addition, SSP3 (com-
bined with this forcing pathway) is especially relevant
to IAM/IAV studies because it combines relatively high
societal vulnerability (SSP3) with relatively high forc-
ing. This scenario is also the basis for the requested
large ensemble (discussed below).

Geosci. Model Dev., 9, 3461–3482, 2016 www.geosci-model-dev.net/9/3461/2016/

O’Neill et al. GMD 2016, doi:10.5194/gmd-9-3461-2016



Emulators: FaIR model

FaIR (Finite amplitude Impulse Response) model
• Based on IPCC 5th Assessment Report/CMIP5 models
• Converts emissions of CO2 and other greenhouse gases 

to atmospheric concentrations
• Includes forcing from ozone, aerosols, land use change 

and other sectors based on input emissions
• Option to include solar fluctuations and volcanoes
• Simulates the action of radiative forcing on planetary 

temperature change based on responses from 
contemporary climate models

Smith et al. GMD, 2018



Use historical constraints to make 
projections



Emulation of rainfall patterns

Tom Richardson, Piers Forster in preparation



Characterising uncertainty

• 62% of staying under 1.5°C if fossil fuel infrastructure is phased out 
based on historical lifetimes starting this year

• 38% chance if mitigation delayed until 2030
• Most uncertainty in peak warming relates to present day aerosol 

cooling

Green: zero 
emissions

Blue: constant 
atmospheric 
concentrations

Purple: linear 
phase out of CO2
emissions over 40 
years

Smith et al., submitted



Carbon budget analysis

• Temperature change scales (approximately) 
linearly with cumulative carbon emissions

• Use this to derive “carbon budgets”: how much 
can be emitted to stay under 1.5°C

• Complicated by non-CO2 emissions
• Exact definition has large effect as 1.5°C 

threshold approached 



Remaining carbon budget
Some CMIP5 Earth System models

AR5: Looks like 1.5C carbon 
budget nearly used up



Remaining carbon budget
Some CMIP5 Earth System models

Can get up to 15 years more 
leeway, based on definitional 
choices of current global 
temperature

Based on IPCC SR1.5



Conclusions

• SSPs emissions well established and useful 
ranges to assess risks for different emission 
scenarios. Shouldn’t combine risk across 
scenarios: Treat each as a story

• CMIP6 with emulation will provide robust tools 
for exploring future and characterising 
uncertainties across scenarios
– Natural forcing and variability remain issues for 

emulation (watch this space)



Do It Yourself

• FAIR is written in Python and open source

• Interactive example: https://mybinder.org/v2/gh/OMS-

NetZero/FAIR/master?filepath=Example-Usage.ipynb

• Home page: https://github.com/OMS-NetZero/FAIR

• User guide: https://fair.readthedocs.io
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