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The time at which global temperatures reach specific Global Warming Levels (GWL) has significant implications for
many impacts assessments and for the development of effective climate change adaptation planning and in
meeting many of the UN’s sustainable development goals’. In practise the timing of reaching GWL is calculated
with Earth System Models (ESM) projections which exhibit a distribution in GWL timings, reflecting the inherent
uncertainty in climate projections, and a dependence upon scenario.

Scenarios examined by ESM are typically derived from Integrated Assessment models (IAM), which combine a
simplified representation of the climate system with socio-economic modelling to find cost-optimal solutions to
meeting climate targets. While such scenarios enable projections of plausible future climate change, the level of
forcing from individual greenhouse gases (GHG) remains uncertain as a result of various factors in IAM scenarios.
These include differences in IAM structure, their underlying assumptions about technologies and socio-economic
developments, and the specification of any climate targets. This deliverable examines the potential impact of GHG
forcing uncertainty on the timing of reaching GWL in the CMIP5 (Taylor et al 2012) models examined extensively
by working group one of the IPCC fifth assessment report (IPCC 2013).

This first part of this report examines the extent to which modest forcing perturbations to the Representative
Concentration Pathways (RCP) affect the distribution of reaching GWL in the CMIP5 models. Models with a larger
temperature response to forcing are affected most by both positive and negative perturbations, leading to wider
and narrower distributions of GWL timing respectively. For a given scenario the impact is larger at higher GWL as
these happen later in the century when the cumulative impact of a forcing perturbation has more time to affect
temperatures.

Scenarios most affected by forcing perturbations are those which have a slower approach to GWL or even
approach stability around the GWL. In these cases relatively small forcing perturbations can change the timing of
GWL by several decades in the cases of RCP2.6 (a scenario with global warming around 2 °C relative to
pre-industrial) for a forcing perturbation glowing linearly to 0.5 Wm™ by 2100, but which has reached just 0.2
Wm™ by the time a 2 °C GWL is passed. With international agreements now in place aiming to limit global
temperature increases to well below 2 °C (UNFCCC 2015), such a dramatic shift in timing would have a profound
real-world influence on some impacts assessments and adaptation planning. It also highlights the potential scale
of risk associated with uncertainties in GHG emissions reductions from anticipated developments in mitigation
technologies.

The second part of the report then uses the idealised forcing perturbation experiments as the context for
examining the potential impact of uncertainty in specific individual GHG emissions (and their forcing) on the
timing of reaching GWL in the CMIP5 models. CH, and N,O pathways are examined using the RCPs. Impacts on
GWL timing from using CH, forcing from the different RCPs produces very similar results to those from the
idealised perturbations, suggesting a significant potential impact on the timing of reaching 2°C under the
aggressively mitigated RCP2.6 and implying similar results for other scenarios intended to limit warming to under
2°C. Results for N,O are much smaller than for CH, but a qualitatively similar impact.

The final analysis in this report is based on the acknowledgment that the RCPs are a sparse set of scenarios with
which to address the uncertainty in individual GHG forcing. Each RCP has different underlying socio-economic
drivers, each has a different climate target implying very different levels of mitigation action, and each is based on
a different IAM with its own structural and technological assumptions. We go beyond the initial scope of this
deliverable by examining the new Shared Socio-economic Pathways (SSP) to assess the relative importance of

! https://sustainabledevelopment.un.org/?menu=1300
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these different sources of GHG forcing uncertainty and their impact on GWL timing. While IAM and
socio-economic uncertainties are found to be important, a scenario’s climate target has the biggest impact on
uncertainty in GWL timing. We find that using CH, perturbations from SSP scenarios with the same climate
targets, and therefore consistent levels of mitigation action, reduces the impact of GHG forcing uncertainty on
GWL timing by around 40% compared to analysis based on the SSP scenarios from all climate targets. The full
range of GHG forcing from the SSP scenarios is comparable to that from the RCPs.

The main findings and recommendations of this deliverable are;

e The closer a scenario is to stabilisation at a GWL, the more sensitive the timing of a GWL is to uncertainty
in forcing

e The RCPs are not a sufficiently diverse of scenarios to examine uncertainty in GWL timing arising from
forcing uncertainty

e Uncertainty in GWL timing from CH, forcing is dominated by the level of climate ambition. Its impact on
the median timing of reaching 2°C is about 65% of the size of the median spread seen in the CMIP5 model
response for RCP2.6. This is likely to hold for other 2°C scenarios

e Uncertainty in GHG emissions arising from IAM differences and socio-economic drivers are of secondary
importance to any climate target

® Impact assessments and adaptation planners should consider not only the uncertainty in GWL timing from
climate models, but also the wider ranges of timing implied by uncertainty in future GHG forcing.

Project 603864 6
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Projections of future climate change produced by the CMIP5 (Taylor et al 2012), and examined extensively by the
IPCC fifth assessment report (AR5, IPCC 2013) and much literature since, are largely based on the Representative
Concentration Pathways (RCP, Moss et al 2010). The RCPs are emissions scenarios developed by Integrated
Assessment Models (IAM) which combine modelling of socio-economics, technology and economics with a
simplified representation of the climate. These IAM scenario depict different levels climate ambition and
socio-economic drivers for each RCP, and as each RCP is derived from a different IAM, so the assumptions about
technological availability, costs and speed of research, development and deployment also differ. As such there is,
by design, a great diversity in the forcing from different Greenhouse Gases (GHG) across the four RCPs.

Given the range of source on uncertainty in future emissions, uncertainties in forcing from individual GHG in any
scenario and total future forcing is also uncertain. Even with a climate target expressed in terms of the 2100
radiative forcing (as per the RCPs), rather than the temperature targets expressed in the recent Paris agreement
(UNFCCC 2015), individual GHG forcing is uncertain: The emissions are uncertain, the atmospheric concentrations
they give rise to are uncertain (they are prescribed from a single simplified climate model in the RCPs), and the
climate response to the total GHG forcing is also uncertain as illustrated by the diversity of model response
exhibited in CMIP5.

HELIX has already examined the timing of passing Global Warming Levels (GWL) in the CMIP5 ensemble (D2.1). In
the first part of this deliverable we examine the extent to which relatively modest perturbations to the total
forcing of the RCPs affect the timing of passing GWL. The second part of this deliverable extends the initial analysis
to examine the impact of timing of GWL of perturbations to CH, and N,O forcing from the RCPs. The final part
analysis in this deliverable goes beyond the initial scope of the HELIX work plan to examine the individual
contributions to forcing uncertainty in the Shared Socio-economic Scenarios’ (SSP, Riahi et al 2016). The
contributions to GHG forcing uncertainty arising from prescriptions of climate targets are compared to those from
the underlying socio-economic drivers and the diversity in IAMs. As well as allowing us to deconstruct aspects of
the uncertainty budget in GWL timing, these scenarios are from the latest generation of IAM and are scenarios
which will underpin much of the Earth System Modelling (ESM) contributions to the next IPCC assessment report.

To examine the timing of GWLs in CMIP5 model the most robust solution would be to run forcing perturbation
simulations with those ESM. Given the scale of such an undertaking this is infeasible so we use a reduced
complexity modelling system that has demonstrated traceability to the CMIP5 models. We will use a configuration
of the the Step-Function (Good et al 2011) model that has been used by AR5 and in HELIX (D2.5, D2.8). This model
is not tuned to CMIP5, but is a direct representation of ESM temperature response to radiative forcing in 4xCO,
experiments step experiments. As well as providing continuity with other HELIX deliverables, this approach is
appropriate as it allows perturbations to the total forcing to be applied to the forcing from the CMIP5 ESMs. A
practical drawback with using the step-function approach is that fewer CMIP5 models provided the data for
RCP6.0 as release of this RCP was significantly delayed during CMIP5. As such it has been omitted from our
analysis rather than include results from an overly sparse dataset.

2 https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=about
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To first analysis in this report assesses the impact of modest forcing perturbations on the timing of reaching GWL.
To do this forcing perturbations are used which start from zero in 2005 (the start of the RCPs) and which grows
linearly to 2100. This form of a slowly growing perturbation is representative of a steady divergence from a
intended forcing pathway and can be interpreted as discrepancy between anticipated and actual emissions of
GHGs or in the resultant concentrations or forcing. The size of the forcing perturbations is varies between -0.5 and
0.5 Wm™in 2100 which is about a 20% variation on the 2100 radiative forcing in RCP2.6.

Total forcing, and that from individual GHG, is not reported for the CMIP5 ESM. However it is possible to use the
near linear relation between top of atmosphere radiative balance and surface temperatures to estimate total
forcing from ESM (Gregory et al 2004, and applied top CMIP5 by Andrews et al 2012). Such forcing estimates will
include the differing fast feedbacks in each CMIP5 model, predominantly from clouds, and serve as a good basis
for examining perturbations to the RCPs forcing and its influence on GWL timing in the CMIP5 models. Note
however that, as detailed in D2.5, that the step-function approach is not appropriate for all CMIP5 ESM so we will
be examining a subset here which while illustrative of the full CMIP5 ensemble will differ slightly in the timing of
GWL documented in D2.1 which was based directly on CMIP5 projections. This will not affect the quantification of
the impact of timing of forcing perturbations.

Having designed idealised perturbations to total forcing, perturbations to the forcing pathways for individual GHG
are used to examine their potential impact on GWL timing. This extends the work in 2a to examine specific GHG
pathways from the RCPs. The rationale for this is that while anthropogenic forcing is dominated by increase in CO,,
other non-CO, emissions also make a significant contribution. Non-CO, emissions are often co-emitted with CO,
emissions from energy production and industrial processes and so future emissions will depend in part on many
factors, such as; the level of effort to mitigate CO, emissions; the technological choices made in the mitigation of
CO,; mitigation measure to tackle non-CO, emissions, and; potential reductions in emissions as a co-benefit of
other policies such as air quality measures. All of these factors vary across the RCPs. CH, forcing and N,O are the
biggest contributions to total forcing aside from CO, so this second set of forcing perturbations are constructed by
imposing the CH, or N,O forcing pathway from each RCP in tern to sample the uncertainty in emissions and forcing
from these individual GHG.

The third part of this deliverable we examines the contributions to GWL timing uncertainty that arise from the
different factors affecting GHG forcing uncertainty in IAM scenarios. This is a complementary extension to the
analysis in 2b.

While a useful set of now widely studied scenarios (see AR5 and references therein) the RCPs are a very limited set
of scenarios. Each is developed from a different Integrated Assessment Model (IAM), each has a different set of
underlying socio-economic drivers, and each has different climate target. As such the 4 RCPs differently sample
three of the leading uncertainties which give rise of diversity in emissions scenarios. In addition the RCPs are now
becoming dated as IAM development has continued and a more comprehensive set of scenarios, the SSPs, are
available.

The SSPs described five socio-economic storylines which span different narratives of the relative importance of
environmental and economic policy along with specific changes to GDP and demographics. A leading set of current
IAMs have then been used to produce scenarios for no mitigation (a baseline) and 4 different climate targets,

Project 603864 8
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defined as per the RCPs in terms of the 2100 radiative forcing. The radiative forcing (RF) levels examined are 2.6,
3.4, 4.5 and 6.0 Wm™ which acknowledges the perceived gap in information to support mitigation analysis
between 2.6 and 4.5 targets in the RCPs. For each SSP a different IAM has been chosen as a “marker” IAM in that
they were deemed most appropriate for addressing the underlying storyline of the SSP, however the other IAM
have also provided complementary emissions scenarios for each SSP and radiative forcing combination where
possible. The resultant scenario matrix contains contributions from many IAM with different combinations of SSP
and RF level. A particular combination of SSPx (where x indicates SSP 1 to 5) and radiative forcing level (RF) is
referred to as SSPx-y where y indicates the RF. As each SSPx-y has solutions provided by different IAM, the model
used to produce a scenario is indicated by a third variable (here z) so that the full naming convention used here is
SSPx-y-z. Please note that the term “SSP” will be used interchangeably in this report to refer to the 5
socio-economic storylines or the scenarios from the SSP matrix described above though the context should clarify
which.

The SSPx-y-z scenario matrix allows this deliverable to take a more sophisticated approach assessing alternative
emissions pathways for different GHG species than would have been possible with the RCPs. Whereas the
uncertainties from different climate targets, socio-economic drivers and IAM structure were all mixed in the RCPs,
from the SSPs they can be constrained individually. So, for example, swapping CH4 emissions pathway between
RCPs would mean using a set of emissions derived from a different IAM, with different socio-economic drivers and
a different climate target. Here we can examine CH, perturbations from scenarios which differ only in one of these
factors, there by both allowing an assessment of the relative importance of uncertainties from each of these
factors, and crucially using a more plausible and internally consistent set of perturbations than would be possible
from the RCPs.

While the relationship between the size of a forcing perturbation and GWL timing will not be affected the choice
of SSP over RCP, so this choice does not change the aims of this HELIX deliverable. However using the SSP will
allow a more useful translation of how plausible forcing changes of a given magnitude are from different sources.

As context for the results shown in the remainder of this report, figures 1 shows the CMIP5 multi model mean
forcing derived using the multi model temperature increase and toa radiative balance for the RCPs following
Gregory et al (2004). Figure 2 shows the corresponding multi-model mean temperature increase from the CMIP5
models and the corresponding projections from a step function approach based on the CMIP5 multimodel mean
of instantaneous 4xCO2 experiments (Good et al 2011). The step function is set up following HELIX deliverable
D2.5 with the projections calculated from forcing anomalies to a base scenario, in this case RCP4.5 so the CMIP5
and step function produce identical results for RCP4.5. No further validation of the step function approach is
presented here and the reader is directed to earlier deliverables, Good et al 2011 and AR5 for more discussions,
examples and validation of its utility.

Project 603864 9
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Figure 1: CMIP5 multi-model mean radiative forcing for RCP2.6, RCP4.5 and RCP8.5 calculated following
Gregory et al 2004.
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Figure 2: CMIP5 multi-model mean temperature increase from 1865 (solid) and temperature projections from
the step function approach of Good et al 2011 (dashed).

The first set of perturbations examined increase linearly from zero in 2005 to values between -0.5 and 0.5 Wm?in
2100. The perturbation is applied to the derived forcing for each CMIP5 model where the step function is used and
the temperature outcomes smoothed with a 20 year running mean before diagnosing the timing of the first year
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the GWL is crossed. This follows the results from earlier HELIX delivers (D2.1 and D2.2).

Figure 3 to 5 show the cumulative distributions of the time a GWL of 2°C above pre-industrial (GWL2 from herein)
is first passed for RCP2.6, RCP4.5 and RCP8.5, with figure 6 showing GWL4 for RCP8.5. Where a model does not
pass a GWL by 2100 its contribution to the cumulative distribution is retained so as not to produce a relatively
skewed distribution by its absence, so some lines do not approach a cumulative frequency of 1. For all cumulative
frequency distributions shown in this report each point is shown in the middle of the cumulative frequency bin it
fills so none start at O or reach 1.

For RCP2.6, the distribution of GWL2 is shifted earlier for positive forcing anomalies and later for negative forcing
as expected. As RCP2.6 temperatures peak and then decline, a relatively modest increase in forcing can have a
large impact on the timing of GWL2. Many CMIP5 models approach stabilisation in RCP2.6 and only pass GWL2
late in the century (2090s, figure 3, upper parts of distribution in black). For these models the additional forcing
increases temperatures enough that they approach stabilisation at a level warmer than 2°C and so although global
temperatures may not have dramatically increased, the timing of GWL may be up to 40 years earlier for an
increase of 0.5 Wm, or around 10 years earlier for 0.2 Wm™. For other CMIP5 models, with a higher transient
climate response, temperatures pass GWL2 earlier in the century (early 2030s) and additional positive forcing only
changes the timing of this by a year or so (lower portion of distribution, figure 3). Those models which originally
reach GWL2 in the 2090s some are a year or 2 later with a forcing perturbation of -0.2Wm™ by 2100, but the
others do not reach GWL2 at all. Those CMIP5 models passing GWL2 in the 2030s do so 5 years later with a forcing
perturbation reaching -0.5Wm™ by 2100. The key results here are that the timing of scenarios that are close to
stabilisation, or increase slowly toward a GWL, can be very sensitive to small change in radiative forcing.

For RCP4.5, the radiative forcing perturbations have a qualitatively similar impact on GWL2 timing (figure 4) to
those in RCP2.6. The most significant impact on timing is for the largest forcing reduction, where the temperature
increases are brought down towards stabilisation and so have a bigger impact on the timing. The perturbations
lead to a GWL2 timing range which, as per the other RCPs, has a bigger impact on the lower TCR models which
reach GWL2 later. The 10th percentile of the cumulative distribution has a range of about 4 years, from 2028 to
2032, the median of about 12 year, from 2044 to 2066, and the 90th percentile of about 20 years, from 2055 to
2075.

RCP8.5 has similar results to the other RCPs (figure 5) except that, because the higher forcing leads to passing
GW.Ls sooner, the contributions to the overall forcing of the perturbations is has a relatively smaller effect than for
the lower forcing RCPs as the cumulative forcing from the perturbation is smaller. As such while the GWL timings
are affected, the ranges produced by the perturbations are much reduced compared to other RCPs.

Only RCP8.5 has data to assess timing of reaching a GWL of 4°C (GWLA4) (figure 6). As this is a higher GWL, the
timings are later and so the impact of the forcing perturbation has greater expression in the distribution of timing
owing to the higher integrated forcing perturbation. The idealized perturbations lead to a timing range of GWL4
for RCP8.5 from about 10 years at the bottom of the distribution, to about 15 years at the top of the distribution.

Project 603864 11
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Figure 3: CMIP5 timing of passing a GWL of 2°C in RCP2.6 with idealised perturbations to total forcing.

CMIP5 GWL2 timing. RCP4.5

1.0
2100 ARF

2100 ARF = -0..

2100 ARF =-0.1
2100 ARF = 0.0
2100 ARF = 0.1
2100 ARF = 0.2

2100 ARF = 0.5

e
o

Cumulative frequency
o
E=

0.2

()D L L I L L I L
2020 2030 2040 2050 2060 2070 2080 2090 2100
Year of passing GWL=2°C

Figure 4: CMIP5 timing of passing GWL of 2°C from RCP4.5 with idealised perturbations to total forcing.
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Figure 5: CMIP5 timing of passing GWL of 2°C from RCP8.5 with idealised perturbations to total forcing.
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Figure 6: CMIP5 timing of passing GWL of 4°C from RCP8.5 with idealised perturbations to total forcing. No
other RCPs had sufficient data available to produce meaningful distributions of the timing of reaching 4°C.

Having examined the impact of idealised forcing perturbations we now examine those based on the uncertainty in
individual non-CO, GHG forcing. To reflect the uncertainty in the GHG forcing we sample from the RCPs and apply
the RCP CH, forcing time series calculated by MAGICC6 (used to calculate the concentrations for GHG for the
RCPs). While this forcing will have been slightly different in the individual CMIP5 models, this data is not available
so we take the pragmatic approach of using the RCP GHG forcing from MAGICC6 which have all been calculated
with a consistent approach. Each combination of total RCP forcing (minus that RCP’s CH, forcing) and RCP CH<
forcing is used. A similar approach is used for N,O forcing perturbations.

For context on the relative size of total, CH, and N,O forcing in the RCPs each is shown in figures 7 to 9 below.

Project 603864 13
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Figure 7: Total forcing, calculated by MAGICC6, for the RCPs.
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Figure 8: CH, forcing, calculated by MAGICC6, for the RCPs.
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Figure 9: N,O forcing, calculated by MAGICC6, for the RCPs.

Applying the RCP CH, forcing perturbations to the different RCPs produces very similar results to the idealized
perturbations examined earlier. For CH,, the RCPs have CH, forcing which increases through the RCPs from RCP2.6
to RCP8.5. Applying these to RCP2.6 in turn produces increasingly larger positive forcing perturbations and result
in temperatures which pass GWL2 sooner for each RCP CH, forcing perturbation applied in tern (figure 10). On
face value, this change in GWL2 timing is stark: If emissions were to follow RCP2.6 but CH, emissions were more
similar to those of RCP8.5, then GWL2 may be passed 50 years earlier than anticipated. Similar results and change
in spread to the idealised forcing is also seen when applying the CH, perturbations to the other RCPs (figures 11 to
13).

The impact of applying RCP based N,O perturbations is also examined (figure 14 to 17), but as a smaller
contributor to overall forcing its impact is relatively minor compared to CH,, affecting the timing of GWLs by only 2
or 3 years at most. N,O forcing uncertainty will not be addressed any further in other sections of this report.
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Figure 10: CMIP5 timing of passing GWL of 2°C in RCP2.6 when perturbing the CH, forcing with time series from
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other RCPs.
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Figure 11: CMIP5 timing of passing GWL of 2°C from RCP4.5 when perturbing the CH, forcing with time series
from other RCPs.
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Figure 12: CMIP5 timing of passing GWL of 2°C from RCP8.5 when perturbing the CH, forcing with time series
from other RCPs.
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Figure 13: CMIP5 timing of passing GWL of 4°C from RCP8.5 when perturbing the CH, forcing with time series
from other RCPs.
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Figure 14: CMIP5 timing of passing GWL of 2°C from RCP2.6 when perturbing the N,O forcing with time series
from other RCPs.
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Figure 15: CMIP5 timing of passing GWL of 2°C from RCP4.5 when perturbing the N,O forcing with time series
from other RCPs.
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Figure 16: CMIP5 timing of passing GWL of 2°C from RCP8.5 when perturbing the N,O forcing with time series
from other RCPs.
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Figure 17: CMIP5 timing of passing GWL of 4°C from RCP8.5 when perturbing the N,O forcing with time series
from other RCPs.

While the RCP CH, forcing perturbations examined here suggest they are a significant source of uncertainty in the
timing of GWL, it must be stressed again that each RCP samples different socio-economics, different technology
and cost assumptions (through the assumptions and design of different IAMs used for each RCP), and is a cost
optimum solution to meeting very different climate targets varying from aggressive mitigation in RCP2.6 to
virtually no climate policy in RCP8.5. As already alluded to all these factors can be expected to influence the
specific levels of future CH, forcing.

d.
The final section of analysis in this report assess the relative contribution to GWL timing uncertainty of different

aspects of individual GHG forcing uncertainty by using the SSPs

In looking at the contribution to uncertainty in GWL timing from individual GHGs in the SSPs, analysis focuses only
on CH, as N,0 was found to be of far less significance when examining the RCPs in previously sections of this
deliverable. We first make a comparison between the evolution of forcing estimates between the RCPs and the
100 SSP scenarios available at present. The full range of CH, forcing changes from 2005 through the century in the
SSP scenarios is comparable to that of the RCPs (figure 18).
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Figure 18: Comparison of CH4 forcing from the RCPs compared to the full range of available SSP scenarios
sampling SSP(x), radiative forcing target (y) and IAM (z) used for production.

Addressing the impact the specification of forcing target has on the CH, forcing, figure 19 shows the SSP CH,
forcing coloured by each scenario’s forcing target. There is, perhaps unsurprisingly given to relation of any sources
of CH, emissions to CO, emissions, a clear correlation between higher CH, forcing and higher radiative forcing
target with less implied reduction of use of fossil fuel technologies and energy sources. While this was also
apparent from the RCPs (figures 7 and 8), figure 19 shows that there is significant overlap between scenarios with
the same forcing targets owing to the different IAM and SSP used in each different scenario at a given forcing
target level.

The impact on GWL timing of applying the CH, forcing perturbations from the SSPs (as before by using all possible
combinations) to the CMIP5 models is shown in figures 20 to 22 for GWL2 in RCP2.6, RCP4.5 and RCP8.5. Figure 23
Shows the impact on GWL4 in RCP8.5. In each of these figures SSP scenarios with 2100 radiative forcing targets
matching those of the RCPs are highlighted in colours. Note that for RCP8.5 the non-mitigation ‘Baseline’ scenarios
are used from the SSP database as no 8.5 Wm™ forcing target exists in the SSP database. By only using CH,
perturbations including the uncertainty from SSP and IAM choice, the impact of CH, forcing perturbations on GWL
timing is significantly reduced, being about 2/3rds of the size for RCP2.6 and 1/3rd for RCP4.5. That the impact on
the range of timing is still large in RCP2.6 is perhaps a reflection of the difficulty in reaching such an ambitious
climate target and that this leads to a greater deal of diversity in CH, emissions for different IAM as they take more
extreme measure to find cost-optimal global energy portfolios and land use profile. Indeed, most current
scenarios aimed at limiting global temperatures to below 2°C, contain questionable amount of Bio-Energy
combined with Carbon Capture and Storage (BECCS, Fuss et al 2014). In the less ambitious mitigation scenario of
RCP4.5 there is more reliance on traditional and mature mitigation technologies with more robust costs and
efficacies leading to a smaller diversity of CH, emissions and forcing. In RCP8.5 the range is still large at about
2/3rd of the full range but this may reflect the use of the baseline scenarios rather than strictly a 8.5 Wm™ forcing
target and so the corresponding CH, may also be less constrained. A similar argument can be made for the 2/3rd
reduction in timing range of CMIP5 GWL4 which using the SSP CH, forcing perturbations (figure 23).
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Figure 19: SSP CH, forcing pathways, coloured according to the SSP scenario 2100 radiative forcing
target.
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Figure 20: CMIP5 timing of GWL of 2°C for RCP2.6 with CH, forcing perturbations from SSP scenarios.

Perturbations from all SSP scenarios are grey. Those with a 2100 radiative forcing target of matching that of the
RCP2.6 are shown in blue.
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Figure 21: CMIP5 timing of GWL of 2°C for RCP4.5 with CH, forcing perturbations from the SSP scenarios.

Perturbations from all SSP scenarios are grey. Those with a 2100 radiative forcing target of matching that of the
RCP4.5 are shown in green.
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Figure 22: CMIP5 timing of GWL of 2°C for RCP8.5 with CH, forcing perturbations from the SSP scenarios.

Perturbations from all SSP scenarios are grey. Those with a 2100 radiative forcing target of matching that of the
RCP8.5 are shown in red.
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Figure 23: CMIP5 timing of GWL of 4°C for RCP8.5 with CH, forcing perturbations from the SSP scenarios.
Perturbations from all SSP scenarios are grey. Those with a 2100 radiative forcing target of matching that of the
RCP8.5 are shown in red.

These results demonstrate that the forcing target specified in IAM scenarios has a significant impact on the CH,
forcing uncertainty and that by only sampling from other scenarios with the same forcing targets greatly reduces
the impact on the timing of models CMIP5 reaching different GWLs. This implies that the sensitivity of GWL timing
to forcing uncertainty is smaller than implied by the RCPs, although its impact remains significant compared to the
spread in GWL timing from CMIP5 model response alone. For RCP2.6 the spread in median CMIP5 timing of
reaching GWL2 has a range of about 40 years, compared to about 60 years for the CMIP5 model uncertainty.

Examining the CH, forcing split by SSP and IAM does not give such clear results as for climate targets, as indicated
in the for CH, forcing for SSP scenarios with 2100 radiative forcing targets of 2.6 Wm™. Figure 24 shows forcing
split by SSP while figure 25 shows this by IAM used to produce each scenario. The impact of these CH4
perturbations on GWL2 timing is shown in figures 26 and 27, which are reproductions of figure 20 but colours to
indicate the SSP (figure 26) and IAM (figure 27). There are some trends, such as SSP1 tending give rise to later
GWL2 and SSP3 leading to earlier GWL2, which are a consequence of the CH, forcing from these SSPs tending to
be lower and higher as a set respectively (figure 26). Similarly GCAM4 tends to produce an earlier GWL2 while
AIM/CGE is later, again a consequence of generally higher and lower CH, forcing respectively in scenarios
produced by these models (figure 27). The trends for SSP and IAM are much weaker than for RF target so while
they are still a source of uncertainty in forcing and therefore GWL timing, the most significant impact is the
radiative forcing target. Qualitatively similar results have been found for the SSP CH, perturbations to the other
RCPs.
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Figure 24: CH, forcing from the SSP database. As figure 19 but coloured to indicate SSP.
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Figure 25: CH, forcing perturbations from the SSP database. As figure 19 but coloured to indicate IAM used to
produce each scenario.
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Figure 26: CMIP5 timing for a GWL of 2°C from RCP2.6 using CH, forcing perturbations from the SSP database.
Coloured by SSP.
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Figure 27: CMIP5 timing for a GWL of 2°C from RCP2.6 using CH, forcing perturbations from the SSP database.
Coloured by IAM used to produce each scenario.

The response of the CMIP5 multi model ensemble to forcing perturbations, both idealised and derived from
uncertainty in future emissions of GHG have been examined with idealised forcing perturbations, the well
established RCPs, and the newly released SSP database which will underpin simulations for working group one the
next IPCC assessment report through ScenarioMIP project (O’Neill et al 2016) and CMIP6.
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The impact of forcing perturbations on the timing of GWL is scenario dependant. Model projections for scenarios
where temperatures stabilise or slowly approach a GWL have timings that are particularly sensitive as small
changes in temperature can imply crossing GWL decades earlier. This is an important finding as it implies that even
relatively modest uncertainties in forcing of the climate may significantly affect the timing of reaching particular
GWL in future emissions pathways are designed to stabilize global temperature or which peak and then decline.
This makes these findings directly relevant to the robustness of global agreements to limit global temperature
increase.

In the RCPs the sensitivity to CH, forcing was examined and found to give rise to GWL timing sensitivities of a
similar magnitude to that from the idealised linearly increasing forcing perturbations. The large impact on GWL2
timing for RCP2.6 was also seen when using forcing from the more numerous and more recent SSPs, which span a
similar range in their change in CH, forcing as the RCPs but from a wider set of combinations of IAM, underlying
socio-economic drivers, and different climate targets. However, drilling down through the SSP database and the
CH, perturbations, it is clear that most of the diversity in future CH, forcing pathways comes from the climate
targets imposed. Perturbing forcing with CH, from scenarios with different climate targets overestimates the
impact that CH, forcing uncertainty has on timing of GWL2. Using CH, forcing only from SSP scenarios with a 2.6
Wm™ target reduces the uncertainty in the median GWL2 timing to 40 years (2055 to 2095) from nearer 60 years
(2035 to 2095). Whilst this is a large reduction in uncertainty there is still a wide range remaining owing to the
different CH, forcing arising from the different SSPs and IAM used.

There are then 4 different factors that are combined in this report directly affecting the diagnosed timing of
passing GWL, and they are different in the uncertainties they represent and how their diversity is interpreted. First
are the underlying socio-economic drivers from the SSP storylines. These are based on 5 different narratives, all of
which are considered plausible. As such we are in effectively treating their range as a flat distribution indicating a
spread of results (in any measure) which may not be definitive and probably an underestimate of plausible
outcomes. The next aspect is the IAMs used to produce scenarios. There are 6 of these in the SSP database and
these have again not been designed to sample uncertainty in a systematic or unbiased manner. Again we are
effectively treating these as a flat distribution which is illustrative of the possible range but certainly an
underestimate of the diversity in IAM behaviour possible. The third factor is the setting of a climate target. If a
strong and robust global agreement on limiting global temperature increase in place, this could in effect be taken
as a known value (a delta function distribution). Finally the response of the CMIP5 models themselves is subject to
uncertainty owing to the diverse construction and inherent uncertainty in the behaviour of a system of the
complexity of the climate system. While the CMIP5 models are, as the IAMs are, an “ensemble of opportunity”
and not designed to sample uncertainty, various studies have shown that the performance of the multi-model
ensembles as a whole tends to perform better against performance metrics than any individual model (Tebaldi
and Knutti, 2007; Richler and Kim, 2008; Gleckler et al 2008). This suggests that though not designed to sample
uncertainty, CMIP5 projections are distributed around the true behaviour of the climate system. Based on this we
can interpret the spread as a random samples from probability distribution.

Whilst it would be desirable to reduce the uncertainty in the timing of reaching future GWL to aid impacts
assessment and adaptation planning, care should be taken not to artificially reduce uncertainty. As indicated
above, climate targets as a source of uncertainty could be taken as more constrained than the range indicate in
the SSP or RCP scenarios. Conversely the contribution to uncertainty from climate modelling is less tractable and
so the best available information should be retained on its impact on GWL timing uncertainty. That is currently
from CMIP5 and will be refined in step with each IPCC assessment. Uncertainties from the difference between
IAM and plausible developments of socio economic drivers are also hard to constrain and as demonstrated in this
report, contribute appreciably to the uncertainty in GWL timing.
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The main recommendation of this report is thus firstly that the uncertainty in future forcing should be taken into
account when estimating the timing of GWLs for scenarios with a stated climate target. Secondly that uncertainty
in forcing arising from IAM and future socio-economic driver uncertainty should be sampled from a wide range of
combinations of these in scenarios with the same climate targets. The RCPs are too sparse to act as an informative
source of information for this aspect of uncertainty in climate projections has so far been neglected.

There are however some limitations to the analysis presented in this deliverable which are worthy of note. Firstly
the individual GHG forcing perturbations are treated as linear contributions to the total forcing. In reality there are
often feedback processes in the climate system which may amplify the impact of GHG emissions beyond their
direct forcing. For example CH, is an O, precursor so decreasing CH, emissions will decrease levels of O, which
poisonous to vegetation, and hence increase plant growth lowering atmospheric CO, and overall forcing (and vice
versa). As such the estimate in this report of the impact of CH, forcing perturbations on GWL timing may well be
conservative.

Finally the Paris agreement at CoP21 has lead to a concerted drive in the policy community to address the
possibility of enhanced action on climate change and consideration of a possible 1.5°C climate target. To support
this the UNFCCC have asked the IPCC to produce a special report in 2018 to fill the evidence gap relating to
scenarios and projections meeting to this target. To this end many international projects are currently underway,
and SSP scenarios have been developed with a radiative forcing level of 1.9 Wm™?in 2100 intended to limit long
term global temperature to 1.5°C above preindustrial. This deliverable had hope to extend its analysis to a GWL of
1.5°C using the SSPx-1.9 scenarios, but scenario data has not yet been released. Such an extension of this
deliverable could be a useful contribution to the IPCC special report.
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