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Evaluation of timing of SWLs from existing models

Executive Summary

This report explores climate model projections of the time at which a range of global average specific warming
levels (SWL) may be reached in the future. These estimates depend on the past and future emissions of
greenhouse gases and other radiative forcers, and the sensitivity of climate models to changes in radiative
forcing. Neither of these is precisely known. Additionally, natural climate variability complicates the definition of
when a specific warming level is crossed and part of this study considers the sensitivity to alternative definitions.
The SWL of 2.0°C up to 6 °C are considered.

The approach has two components. First, we use a range of existing simulations from complex general circulation
climate models for a relatively small number of forcing scenarios. In particular we draw on results from the CMIP3
and CMIP5 experiments, along with perturbed parameter experiments developed around a single climate model
structure within the Met Office Hadley Centre. These models provide the most comprehensive representation of
the physical climate system that we currently have available and have been shown (see for instance the model
evaluation chapter from the first working group of the recent IPCC 5 assessment) to be able to simulate many
aspects of observed large-scale climate change when driven with sensible forcing. The second approach we apply
is to use the much larger set of emission scenarios from the third Working Group of the IPCC 5™ assessment.
These emissions are converted to a global average climate response using a physically based simple climate
model. This allows more detailed consideration of the role of the emissions scenario choice on timing of reaching
a particular SWL and allows us to control key climate parameters.

The key findings of this study are:

e Using an analysis of existing general circulation models, the median estimate of the time of reaching 2 °C
is by 2040 with a 10" to 90" percentile range of 2021 to 2066. For 4°C the median time of exceeding the
SWL is in the early 2070s with a 10" to 90th percentile range of 2054 to 2087. For 6°C, the sample of
models is smaller with a median in the early 2080s (10" to 90" range of 2069 to beyond 2100.

e The ISI-MIP subset of models, to some extent, under represent the range of years for reaching SWL
compared to the full model sample.

e Simple model simulations show that the IPCC emissions database of the third working group does not
uniformly sample the range of possible future emissions. Focus has been on particular parts of the
solution space. Of those scenarios that peak emissions, later peaking leads to earlier crossing of the SWL.

The impact of key parameters, such as equilibrium climate sensitivity, has a major impact on timing of
reaching SWL, and better understanding its range is a first order research priority.
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1. INTRODUCTION

Ever since the earliest days of climate projection it has been considered good practice to examine the climate
response to a range of future scenarios, each with different levels of future climate forcing.

A critical factor in the vulnerability or resilience of societies to the changing climate will be the rate of future
climate changes, as adaptation measure will require time to be identified, planned and implemented. Decisions
relating to adaption to climate change will often also require information over a wide range of scale from global
to local. This first report from work package 2 of HELIX is focused on the time at which specific warming levels
(SWL) from 2 °Cto 6 °C are reached globally. It builds on previous work by, for instance Betts et al (2011), Joshi et
al. (2011).

Sections 2 and 3 address the timing of reaching SWL in general circulation and earth system models (ESM),
including how sensitive this is to various factors such as the choice of scenario, what generation or type of climate
model ensemble is examined. The analysis uses a large number of simulations from a range of existing research
projects, with most emphasis on model simulations from the Fifth Coupled Model Intercomparison Project
(CMIP5), performed in support of the recent IPCC Fifth Assessment Report (IPCC AR5). A sub-set of CMIP5 models
were used for the first stage of ISI-MIP (which aims to address the question of what the difference is between a 2
°C, 3 °C, and 4°C warmer world, Warszawski et al, 2013). A specific aim of the analysis of ESM in this report is to
identify how representative the models used in phase one of ISI-MIP are of the wider ensemble of available
models.

Future climate change results from a combination of changes in forcing, primarily driven through emissions of
greenhouse gases and aerosol pre-cursors, and the response of the climate system to this forcing. While analysis
of ESMs allow us to examine the response of the climate systems to forcing, and through use of multiple models
the uncertainty in this response, limits to computational resource restrict the simulations available to just a few
emission or forcing scenarios. This is problematic in terms of providing advice to decision makers as there is
potentially as much or more uncertainty in future emissions than there is in the climate response. To examine this
aspect of uncertainty more fully section 4 examines simple climate models results from projections of scenarios
from the recently available IPCC working group 3 scenario database. This provides a large number of emissions
scenarios with similar global climate outcomes but which differ in the timing and extent of emissions reductions
effort and assumptions about, amongst others, delay in agreement and implementation of global emissions
reductions measures. The effects that such differences have on the time scale of reaching SWL and the related
adaptation planning are of direct relevance to the interplay between mitigation and adaptation with is subject of
increasing prominence. These simple model results are complementary to the analysis of ESM in earlier sections.
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2. METHOD

This section describes the climate model datasets used in sections 3 and 4, based on existing climate simulations.
It also discusses how reaching and crossing a particular SWL is defined in these experiments.

2.1 GCM AND ESM DATASETS USED

The complex climate model simulations were draw from the following:

o World Climate Research Programme (WCRP) Coupled Model Intercomparison Project datasets
e The CMIP3 multi-model datasets (Meehl et al., 2007) used in the fourth assessment reports for the
Intergovernmental Panel on Climate. The CMIP3 study used 22 climate models
e The CMIP5 multi-model dataset (Taylor et al., 2012) used in the fifth assessment reports for the
Intergovernmental Panel on Climate Change. The CMIP5 study consisted of more than 30 climate
models.
o The HadCM3C perturbed parameter ensemble of emissions driven simulations (Booth et al., 2013)
o Runs from 3 structurally similar models with different resolutions for scenarios with a 1 % per year increasing
CO,; HIGEM (model description in Shaffery et al 2008); FAMOUS (Smith et al 2008), and; HadGEM3 at two
resolutions (T96 and T216).

The scenarios considered here are:

@ The Representative Concentration Pathways RCP2.6 (van Vuuren et al 2007 and van Vuuren et al 2006),
RCP4.5(Clarke et al 2007, Smith and Wigley 2006 and Wise et al., 2009), RCP6.0(Fujino et al, 2006) and RCP8.5
(Riahi et al 2007).

o The SRES A1B (Nakicenovic et al, 2000).

o The 1%CO, concentration increase to either a doubling or quadrupling of CO, concentrations.
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Table 1. A comparison of the radiative forcing and CO, concentrations at 2100 approximately, for the
scenarios explored in this report. The data is compiled from Meinshausen et al 2011 unless otherwise
indicated in table

Scenario Radiative forcing' (Wm?) Atmospheric CO, (ppm)

RCP8.5 8.3 938

SRES A1B 6.6° 703°

RCP6.0 5.5 670

RCP4.5 4.3 528

RCP2.6 2.6 421

1%CO, to 4x Approximately 7.4 (in year 140) Approximately 1120 (in 140 year)

Most of the experiments considered here are driven by constraining the greenhouse gas concentrations. There
are a few that are emissions driven including 18 in CMIP5 (the emissions driven RCP8.5 simulations) and the
HadCM3C PPE. These emissions driven simulations will include the interaction of the climate with carbon cycle
processes and add to the uncertainty in the climate response, an addition that is not present in the concentration
driven experiments.

2.2 CALCULATING CROSSING OF THE SPECIFIC WARMING LEVELS

The climate model simulations are on a monthly mean spatially resolved grid and these were aggregated spatially
and temporally to calculate the global annual mean near surface temperature time series. Regional information
will be considered in a future Work Package 2 deliverable.

The baseline used for this study covered the period 1870-1899. This represents an approximate pre-industrial
climate state.

Because of model forced and internal variability consideration must be given to when we consider a particular
SWL to have been exceeded. For instance, after the first year above a SWL there may be several subsequent years
that fall below it due to the variability, even if the long-term trend in the simulated temperature is still upward.
Here a range of time averaging periods were examined to ensure a robust calculation of SWL. The impact on the
frequency distribution of a SWL from the choice of time averaging period is shown in Figure 1 for 2°C and 4°C.

The 2°C plot shows a distinct change from annual to a decadal or more averaging period particularly towards the
end of century and the period of simulation. This can be easily understood by recognising that many simulations
that pass 2°C continue to temperatures that exceed this level by much more than the amplitude of natural
variability. A significant number reach this situation within 10 years of first crossing the 2°C level.

* From Gobhar et al 2009
3 From Bern -CC reference model in Appendix II in IPCC 2001
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For a 4°C SWL, another aspect becomes important, the reduction in the number of models reaching the higher
SWL. In the case of a 50 year averaging period the number of models reaching 4°C reduces to roughly half that of
the shorter averaging periods shown. As fewer simulations will pass higher SWL, levels from 2°C through to 6°C
may result in a sample bias in those models that pass a SWL. Essentially where fewer models for a given scenarios
meet a SWL, those that do will be those with a large climate response to the forcing from that scenario, i.e. higher

transient climate response.
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Figure 1. The impact of choice of averaging period on passing a SWL. The number of models passing 2°C (upper panel) and

4°C (lower panel) specific warming levels are shown as cumulative frequencies. The actual number of models in each
distribution is given in the legend together with the time averaging period used to derive SWL.
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To further explore the existence of sample bias in our calculations, the transient climate response (TCR) and
equilibrium climate sensitivity (ECS) for the models in CMIP5 which ran the RCP8.5 scenario are plotted as
cumulative distributions of models in the sample (Figure 2). While the extremes of the distributions in each case
are effectively unchanged the majority of the distributions are shifted towards higher values for the sub-set that
passes 5 °C, characterising a bias. The bias in ECS might have been greater were it not for the fact that high
climate sensitivity also tends to slow the fractional response time. Further work is needed on these findings with
different SWLs noting as we go to higher SWLs our sample becomes small.
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Figure 2 Distributions of transient climate response and equilibrium climate sensitivity for the model simulations of RCP8.5
from CMIP5. Solid lines indicate distributions from all simulations while dashed are the distributions from only those
simulations that pass the specific warming level of 5°C. The numbers shown in the legend give the total number of models
in each distribution.
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2.3 USE OF THE IPCC WORKING GROUP 3 SCENARIOS DATABASE

By examining common scenarios across many models it is possible to make an estimate of the uncertainty in the
projected timing of SWLs which originates from limits to our understanding of the response of the climate to
future changes in forcing. This section seeks to use a common, simplified climate model to examine a large set of
plausible emissions scenarios to more fully examine the scenario uncertainty in reaching SWLs.

A number of recent projects around the globe have produced a range of emission scenarios using integrated
assessment models (IAM) to simulate economic and technically feasible futures. These include EU AMPERE and
LIMITS. The IPCC Working Group 3 (WG3) has constructed a database of these existing scenarios and this is now
publically available®. A recent project under the UK AVOID2 programme” has projected climate change in
response to these scenarios using a probabilistic tuned simple climate model approach accounting for a range of
uncertainty distributions of equilibrium climate sensitivity reported in IPCC Working Group 1 (Bernie and Lowe,
2014). These projections use a methodology developed by Met Office Hadley Centre for a recently project for the
UK Committee on Climate Change as part of the review of the 4th carbon budgets (Bernie et. al. 2013), and for
the EU AMPERE project (Lowe et. al. 2014).

2.3.1 MODELLING

Full details of the modelling system used here can be found in Bernie and Lowe (2014), but in brief it is based on
the MAGICC climate model that when suitably tuned has been shown to reproduce the global results from
complex models well (Cusbash et al., 2001), and which has been used extensively by several IPCC assessments
(Cubash et al., 2001 and Meehl et al., 2007).

Because of its computational simplicity, it is used in a probabilistic set up designed to sample the leading order
uncertainties in the climate system ECS; ocean diffusivity which affects how quickly heat is removed from the
upper ocean, moderating the rates of atmospheric warming, and; climate-carbon cycle feedback strength which
accounts for how strongly climate change affects the ability of the carbon cycle to remove CO, from the
atmosphere. Here the model configures to reproduce the findings of Rogelj et al (2012), a set up used by IPCC
AR5 in working groups 1 and 3.

From the probabilistic set up we use the median to diagnose timing of passing SWL in the same manner as for the
complex models in earlier chapters.

2.3.2 SCENARIOS

The scenario data base from WG3 contains 1184 IAM scenarios from 31 different models.

These contain a wide range of scenarios that are plausible solutions from IAM for a range of climate targets
providing a far greater sample of possible futures that was available for ESM.

4 IAMC IPCC Fifth Assessment Report Scenario Database, 2014, hosted by IIASA at;

https://secure.iiasa.ac.at/web-apps/ene/AR5DB/dsd?Action=htmlpage&page=about#intro

3 http://www.avoid.uk.net/
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By running each scenario through a single climate model we can establish comparability between the
concentration, forcing, and climate outcomes between scenarios. While many scenarios from the WG3 database
are CO,-only or provide emissions of only limited number greenhouse gas species, WG3 filled in the missing gases
for those scenarios where it deemed the dominant greenhouse gas contributions were available. Minimum
requirements to use a given scenario were the reporting of the following emissions to 2100;

e CO, from the fossil fuel and industry (FFI) sector
e CH, from FFl and land use sectors

e N,O from FFl and land use sectors

e Sulphur emissions

This resulted in 524 scenarios for which climate projections where possible. The simulations examined here follow
the process of WG3 as closely as possible for these 524 scenarios. A complete description of scenarios and the
process used for filling the missing emissions can be found in WG3.

It is worth noting at the outset, that the WG3 data base is not designed to fully sample uncertainty in possible
mitigation pathways and so cannot be considered as definitive. The available scenarios are not designed to
densely sample the whole range of plausible mitigation pathways; instead they are a collection of solutions from
independent models to particular plausible situations, such as the availability or not of particular technologies or
delayed implementation of global emissions reductions pledges. As such the sampling of possible scenario space
is both sparse and incomplete, reflecting current integrated assessment model set ups and what is currently
considered possible based on technological, political and economic factors. With this caveat acknowledged it is
still possible to extract useful analysis from the projections.
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3. GENERAL CIRCULATION MODEL RESULTS FOR THE TIMINGS OF SPECIFIC WARMING
LEVELS IN THE 21°" CENTURY

3.1. ALL SCENARIOS

This section seeks to characterise the uncertainty in reaching SWL based on general circulation and complex earth
system model simulations (henceforth referred to collectively as ESM) of global annual mean near surface
temperature rise to potential future climate change. Figure 3 shows the time-series up to 2100 for the
experiments used as simulated by ESM. A significant minority of the cases exceed 4°C before the end of the 21*
century, with some reaching as high as 10°C above pre-industrial levels by 2100. The earliest time of crossing the
4°C level is around 2050, which compares with 2061° in Betts et al. (2011) and 2090’ in Joshi et al. (2011).

12 | Scenlarlos

Warming (degC) since the pre-industrial time

1 1 L
1900 1950 2000 2050 2100

Figure 3 Near surface global annual mean warming since pre-industrial for simulations from CMIP5, CMIP3 and by a
HadCM3 perturbed parameter experiments of SRES A1B and the RCPs. Both concentration and emissions driven
simulations are included.

Distributions of the timing of SWLs from the full set simulations is shown in Figure 4. This represents a
combination of our uncertainty in future emissions scenarios and our current understanding of the uncertainty in
climate system response to forcing. The median year and the 10" and 90" percentiles of the models that reach
the SWL are given in table 2. According to this analysis and median year of passing, a 4°C world will be reached by
the early 2070s while the median year of those models reaching 5°C and 6°C are in the early 2080s. Almost all
models (above 95% of models) that reach a SWL of 4°C or less do so before the end of the 21% century.

® In Bett et al, 2011 the 4°C anomaly is relative to 1860-1890.
" In Joshi et al 2011 the 4°C anomaly is calculated from the model present day 1986-2005 and then the observed warming to
present day since the mean over1880-1909 is calculated
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Figure 4 The number of models in the dataset that pass a SWLs over a 20 year average (upper panel) with a focus on the
21* century (lower panel), shown as cumulative frequencies. Based on the CMIP5, CMIP3 and HadCM3C PPE data. The
scenarios simulated include all the RCPs and SRES A1B. The number of models in the distributions are shown in the
legends.

Table 2 Timing of passing different SWL at different likelihoods based on the full set of simulations
examined from multiple scenarios and experiments. Timing is given for likelihoods of SWL at 10 %,
50 % (median) and 90 % levels.

2 2.5 3 4 5 6
10th % 2021 2032 2041 2054 2063 2069
Median 2040 2052 2061 2073 2082 2081
90th % 2066 2078 2084 2087 2100 2127
Project 603864
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3.2 ANALYSIS BY SCENARIO

The simulations by models considered in this section are from the CMIP5 and CMIP3 multi-model ensemble and
the HadCM3C PPE emissions driven simulations. The ESM forming the basis for the simulations in the Inter
Sectoral Impacts model Intercomparison Project, “ISI-MIP”, are highlighted in the following figures as black filled
circles to assess whether these chosen ESM models are representative of the full range.

Cumulative frequencies based on HadCM3PPE for RCP2.6 in Figure 5 show a narrower and earlier 10" to 90™
percentile range than those shown in Figure 4 unlike the frequencies based on CMIP5 which are more similar to
those in figure 4. Only the HadCM3C PPE models pass the SWL of 2.5°C and 3°C with the median year in which
models pass as 2038 and 2048 respectively. Only two of the ISI-MIP models simulated a warming of greater than
2°C for RCP2.6 with one model close to the median year of passing the SWL estimate.

The simulations for RCP4.5 and RCP6 include only the CMIP5 simulations as the HadCM3C PPE do not include
these scenarios. Based on RCP4.5 simulations (Figure 6), the median year in which models reach 2°C is 2050 and
the highest SWL reached in this scenario is 3°C with a median year estimate of 2075.
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Figure 5. The cumulative frequencies of the number of models passing SWL for RCP2.6 for all CMIP5 (solid) and HadCM3C
PPE (dashed) simulations. The black circles represent the years in which the models included in the ISI-MIP study pass the
SWL. The number of models passing the SWL is given in the legend beside the SWL.
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Figure 6. The cumulative frequencies of the number of models passing SWL in a given year for RCP4.5. Based on CMIP5.
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Figure 7. As in figure 6 but for RCP6.0

Project 603864

17



AN\
heli.

www.helixclimate.eu

First pass of warming > specific warming level
10 over a twenty year period : RCP85

=)
[o+]
T

=)
[#]
T

- CMIP52°C:97
=+ HadCM3C2°C:57
— CMIP52.5°C:96
= » HadCM3C25°C:57
= CMIP53°C:94
=« HadCM3C 3°C:57
—— CMIP54°C:79
= - HadCM3C4°C:54
= CMIP55°C: 34
=+ HadCM3C5°C:41
CMIP56°C: 14
HadCM3C 6°C : 23

0.4

Cumulative frequency of models

0.2

L L L I
2000 2050 2100 2150 2200 2250
Year (middle of the 20year averaging period)

Figure 8. As in figure 5 but for RCP8.5.

The CMIPS5 based estimates for median year in which models pass the SWL in Figure 8 are similar to those including all
scenarios and ESMs shown in figure 4. This is expected as RCP8.5 forms a large proportion of the simulations considered in
this report especially for the high end SWLs of 4°C and higher. The HadCM3 PPE based distributions are earlier for all SWL
compared to both CMIP5 distributions and figure 4. Booth et al, (2011) found a similar result and noted the concentration
driven ESM global mean temperature simulations in CMIP5 are at the lower end of the HadCM3C PPE temperature
simulated range.

Only two ISI-MIP models reach 2 °C SWL for RCP2.6 so it is hard to determine how well they represent the timing
of such a level. For RCP4.5 there appears to be some bias in the 2 °C sampling. If the four models passing the SWL
were equally sampling the CDF then we would expect there to one in each quartile of the distribution. Here there
is a bias toward to earlier timings suggesting that ISI-MIP may be slightly over estimating how soon 2 °C with their
choice of CMIP5 model. Only two models pass 2.5 °C or 3 °C so it is difficult to assess how representative the
distribution is. For 2.5 °C there appears to be again a bias toward reaching the SWL early, while at 3 °C the
sampling is broadly consistent. For RCP6.0 there is again an apparent bias across the timing of reaching 2.5 °C and
3 °C. For 2 °C SWL there is little discernable systematic bias. For RCP8.5 more of the models reach the higher
SWL. There is tentative evidence at most SWL of a bias for the ISIMIP subset toward an early estimate of timing of
SWL.

The SRES A1B scenario was simulated by CMIP3 and by HadCM3C PPE. The median year in which models passed a
SWL are similar to those from the full set of simulations in this report (Figure 4) and RCP8.5 (Figure 8). The CMIP3
frequency distributions are earlier than those presented in Joshi et al, 2011 as the SWL and may be due to the
baseline and the treatment of pre-industrial warming. Further work is needed for confirmation.
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First pass of warming > specific warming level
over a twenty year period : SRES A1B
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Figure 9 SRES A1B cumulative frequencies of years in which models pass a SWL based on CMIP3 (solid) and HadCM3C PPE
(dashed) simulations

3.3 ANALYSIS BY MODELLING STUDY

The three major studies considered here are CMIP5 (Figure 10 upper panel), CMIP3 (Figure 10 middle panel) and
the emissions driven HadCM3C PPE (Figure 10 lower panel). CMIP5 models are the current state-of-the-art
general circulation models and so include modelling advances since CMIP3. However it is important to note that
the uncertainties in temperature projections have not reduced significantly in CMIP5 from CMIP3 (Knutti and
Sedlacek, 2012). The figure shows the cumulative frequency for the entire simulation but we show a snapshot of
this in the 21" century, therefore the cumulative frequencies for the higher SWLs do reach 1 but in the years
beyond 2100. The CMIP5 study shown here includes both concentration and emission driven simulations while
CMIP3 is concentrations driven.

On comparison of the three studies it is apparent that the CMIP3 timings of reaching SWL are later than in the
other two studies. The HadCM3C timings of reaching SWL are the earliest although it is important to note that
these are all emissions driven experiments and include uncertainty from carbon cycle processes not included in
the majority of the CMIP5 and CMIP3 simulations. As mentioned earlier, Booth et al. (2011) note the
concentration driven ESM global mean temperature simulations in CMIP5 are at the lower end of the HadCM3C
PPE temperature simulated range.

Project 603864

19



/AN
heli.

www.helixclimate.eu

First pass of warming above a given specific warming level
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3.4 THE 1% CO, TO 4X CO, CONCENTRATION EXPERIMENT

This section describes the influence of model generation and resolution. The global annual mean near surface
temperature anomaly time series is shown in Figure 11 for the CMIP5, CMIP3 and a few single general circulation
model simulations including HIGEM (simulation is until 2 x CO,), FAMOUS and two versions of HadGEM3.

Scenario: 1%CO, to 2xCO,

6 I .
CMIP5
CMIP

5L HadGEM3 N96

HadGEM3 N216
FAMOUS
HIGEM

Warming (°C)

0 20 40 60 80 100 120 140

Figure 11.The near surface global annual mean warming for the 1% CO, to 4X CO, experiment simulated in CMIP5 (black),
CMIP3 (grey), HadGEM3(N96 — blue, N216 -cyan), HIGEM (magenta) and FAMOUS (red).

it is possible to focus on models of similar structure but different resolution to gain some idea of the impact of
model spatial resolution. For instance we have available 2 different resolution of the HadGEM3 model. We also
note that FAMOUS and HadCM3 have similarities in structure, as do HadGEM2ES and HiGEM. However we focus
on HadGEM3 runs because the model variants are most similar.

The effect of increased resolution on the timings of SWLs on the simulations by HadGEM3 is minimal with the
higher resolution model simulations (N216) reaching the SWLs up to 3 years later than the lower resolution model
(N96).
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4 PROJECTIONS USING THE IPCC WORKING GROUP 3 SCENARIOS DATABASE

In this section the projections from Bernie and Lowe (2014) are used to diagnose the years in which SWL are
reached by the WG3 scenarios. While a similar set of projections had been done by IPCC WG3 the climate data
from these simulations is not available in sufficient detail to permit the analysis in this report. Evidence that the
projections used here are a credible replication of those in WG3 is given in Bernie and Lowe 2014.

The final part of this section examines the sensitivity of results to uncertainty in the equilibrium climate
sensitivity, the long term temperature change in response to a doubling of atmospheric CO,. This is a major
uncertainty in projection of future warming and the IPCC concludes a “likely” range from 1.5 °C to 4.5 °C. The
impact of ECS values at either end of this range on the timing of SWL are analysed to illustrate the importance of
the remaining uncertainty in our understanding of the climate system.

4.1 Timing of SWL as a function on long term warming

The output of the simple climate model for a given year and a given emissions scenario is a frequency distribution
of temperature change. Figurel2 shows the timing of reaching a SWL of 2 °C as a function of median projected
year 2100 global average temperature increase. The first point to note is that the spread in timing of reaching a 2
°C SWL is greater at lower long term temperatures. This simply reflects that those temperatures that eventually
reach higher SWLs cross the 2 °C in the middle of the century on their way to warmer temperatures. Scenarios
that have a warming level near to 2 °C in 2100 consist of some cases that warm rapidly then either stabilise or
peak and decline, together with slower warming scenarios that only cross the SWL late in the 21 century. When
considering the very earliest times of reaching a 2 °C SWL, in the late 2040s, it should be noted that even the RCPs
do not indicate a significant divergence until around this time and so similar timing of a 2 °C SWL for scenarios
leading to 2 °Cto 5 °C is consistent with earlier findings.

The years of passing SWL of 3 °C and 4 °C are also shown in Figure 12. In each there is the expected trend for an
earlier SWL with a higher long term warming, although in both cases there is a significantly reduced spread in the
timing of passing SWL close to the long term temperatures. This is because SWL of 3 °C and 4 °C are much higher
compared to present day than a 2 °C SWL and as such it will take a longer minimum time from these scenarios to
reach these SWL.

As only three scenarios are found to have a median temperature about 5 °C in 2100 no figure is produce for SWL
above 4°C. Later we will explicitly consider temperature projections not at the median of the model output.
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Figure 12 Year of reaching a warming level of 2, 3 and 4 °C (lower) as a function of median 2100 warming for scenarios

from the IPCC WG3 scenario database.
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4.2 Sensitivity to year of peak emissions

Scenarios from the WG3 database are here sub-selected based on the years in which global emissions peak. This
is determined from the WG3 database which reports decadal emissions.

Figure 13 shows cumulative distributions functions for the timing of median warming for a range of SWL.
Scenarios with no clear peak in emissions (maximum emissions in 2100) are not shown as a peaking class but are
included in the “all scenarios” case in black.

Scenarios with an earlier peak in emissions tend to reach SWL later in the century. For a 2 °C SWL scenarios
peaking in 2010 have a median timing of 2 °C of around 2068, with those peaking in 2020 reaching this SWL
around 10 years earlier. This trend continues through later peaking scenarios. There is some scatter and overlap
between the different classes and this is particularly apparent in the cases with emissions peaking in 2040 and
2050. These scenarios tend to be sensitivity experiments where additional technological or other constraints have
been applied in the integrated assessment models that produced them. They have relatively few members in
each class leading to relatively poorly defined distributions.

A similar pattern for later peak emissions is seen for other SWL but as the SWL increases there are increasing
fewer scenarios in each of the categories, and so the cumulative distributions for all classes become less well
defined.
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Figure 13 Cumulative frequency distributions for the year of passing a range of specific warming levels based on
projections of the IPCC WG3 scenario database. Median temperatures projections are. The numbers in the legend
illustrate the number of models in a given category.
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4.3 Scenarios from different models

Scenarios in the WG3 database are all solutions to particular question asked of integrated assessment models in
different projects. Figure 15 plots the timing of reaching various SWL by named integrated assessment model. No
model has performed all scenarios and the limited number of scenarios from each model mean that only a
distribution across all types of scenario can be useful defined here, although there is clearly a possibility that
particular models tend to lead to generally sooner or later SWL as a consequence of preferentially having supplied
more of the most aggressive mitigation type scenarios or conversely focused on providing variations on a
business-as-usual case. While a full account of individual models performances is beyond the scope of this
analysis some trends are apparent.

IMAGE2.4 and MERGE_AME tend to lead to a later SWL, while versions of REMIND and MESSAGE tend to lead to
earlier SWL. MERGE_EMF27 and GCAM 3.0 also seem to be broadly representative of the full set of models.
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Figure 14 As Figure 13 but with collated by IAM used to produce the emissions scenario.
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4.4 Emissions reduction policy classification

Scenarios in the WG3 database are assigned a policy classification based on the definitions in the contributing
study’s experimental protocol. The policy categories summarize the type of different policy designs that were
investigated in recent studies (Table 3, a reproduction of Table A.II.23 from IPCC WG3).

For the policy categories P1 (Idealized), P3 (Delay 2030), and P4 (Accession to Price Regime) subcategories P1+,
P3+ and P4+ respectively exist which include supplementary policies that are not part of the underlying baseline
scenario, although owing to their similarities these are combined with the underlying baseline scenarios for this
study so for example the “idealized” categories examine here contains “P1” and “P1+”.

Full details of the classifications can be found in WG3.

Category |Ta rget Staged Long-term frag / | MIPs
adoption accession Free rider
PO  |Baseline None No N/A Al
P1 |idealized Immediate  [No No / No Al
P1+ |ldealized + Immediate |No No / No IAMPERE2, AMPERE3
Supp. Policies
P2  [Delay 2020 Model year [No No / No ROSE, LIMITS
after 2020
P3  [Delay 2030 Model year [No No / No ROSE, LIMITS, AMPERE2
after 2030
P3+ [Delay 2030 + Model year [No No / No IAMPERE2
Supp. Policies  [after 2030
P4 |Accession to None Yes (2030-  [No /No IAMPERE3
Price Regime 2050)
P4+ |Accession to None Yes (2030-  |No /No IAMPERE3
Price Regime + 2050)
Supp. Policies
PS  |Accession to Yes (starting |Yes(2030- |No/No EMF22
Target 2010) 2070)
P6  [|Fragmented Ref [No N/A Yes / EMF27, ROSE, LIMITS,
Pol Yes (EMF27) — AMPERE3
No (Other)
P7  [Other cases N/A N/A N/A EMF27, RECIPE

Table 3 Overview of policy classifications of scenarios in the IPCC WG3 scenarios database. Reproduced from table A.11.23
from the WG3 contribution to the IPCC fifth assessment report.

Figure 1 shows the cumulative distributions of year of reaching SWL from scenarios in the different policy classes
from the WG3 scenarios database.

The spread within each policy class indicates the range of scenarios in the database; while the different between
each policy class indicates the significance of future mitigation policy for the timing of reach different SWL and
the associated adaptation planning timescale.

The “idealized” scenarios, those that are cost optimum mitigation pathways, lead to the latest reaching of SWL of
2 °Cor 2.5 °C and none of these reaches any high SWL. For the SWL of 2 °C a fragmented policy implementation
or delayed action until 2030 lead to earlier crossing of the SWL (although we also note a much smaller range). The
latest time of reaching 2 °C in these classes of scenario is around 2070 compared to 2100 in the more idealised
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scenarios. Those scenarios with a staged accession to a carbon price regime have an earlier time of reaching the

lowest SWL indicating that the ability to effectively implement carbon prices has a direct effect on the timing of
reaching climate targets, according the analysis of the scenarios in the WG3 database.

Reference scenarios with little or no climate policy consistently have the earliest time of reaching various SWL
with 90% of them reaching 2°C by the early 2050s and a 50% likelihood of reaching 3 °C and 4 °C by 2070 and the
early 2090s respectively.
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Figure 15 As 13 but with sub categories of policy class as per the IPCC WG3 classifications.
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4.5 Alternative values of equilibrium climate sensitivity (ECS)

ECS is a measure of one of the most significant uncertainties in our understanding of the climate system yet it is
currently not possible to narrow the ECS to a single value. While its actual values may never be precisely
determined, projections can be made with an estimated probability distribution, such as has been done so far in
this section. This can provide usefully constrained advice on both future climate and levels of emissions consistent
with meeting given global climate aims. However, many credible estimates of ECS uncertainty distributions exist.
Figure illustrates probability distributions for recent estimates of ECS documents in IPCC 5™ assessment, which
have been de rived from many different scientific approaches. IPCC itself concludes that a likely range of ECS is
between 1.5 °C and 4.5 °C.

As the IPCC likely range is based on a number of different lines of evidence it is worth considering the values of
ECS from the CMIP5 models that have been used in previous sections of this report. The CMIP5 frequency
histogram is shown in Figure and the lower and upper ends are slightly higher than the IPCC likely range.
Consequently, if the IPCC range is correct then the CMIP5 based results will give projections that are, taken as a
whole, too warm and which would be expected to reach SWL sooner than they might otherwise.

I I T
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= — - Aldrin et al 2012 (main analysis) o
l e Kohler et al 2010 (mean) N
1 1 I 1 A [ P PP RY Lewis 2013 (main analysis) ]
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Figure 16 Probability distributions of equilibrium climate sensitivity included in IPCC fifth assessment report. Distributions
are coloured as per the IPCC working group 1.

In order to examine the implications on the timing of SWL of the likely range of ECS the distributions used in the
model used here are replaced with a single value from either end of this range. Results from this are shown for a
2°Cand 4 °CSWLin Figure.

Using a higher value of ECS leads to a greater level of warming for a given scenario. Consequently there are more
scenarios passing the SWL, and those which passed the SWL with the original ECS distribution now reach it
sooner. As a consequence there is a shift toward much earlier timing of reaching the SWL.
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At lower ECS values there are fewer scenarios reaching the SWL (with none reaching 4°C) and those that do so
reach it later, so the scenarios in this set are a sub set of the earliest scenarios for the full distribution or high end
values of ECS.

The difference between the distributions of timing for the two equally likely values of ECS are dramatic, with a
median timing of reaching 2 °C some 50 years sooner with a high end ECS than a low. This highlights the
significant impact any increased certainty in ECS could have on projections of future climate and necessary
timescales over which adaptation measures would be required.
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Figure 17 Cumulative distributions of the timing of passing 2 °C (upper panel) and 4 °C (lower panel) SWLs for the original
modelling set up tuned to Rogelj et al. (2012) and when reducing the ECS distribution either 1.5 °C (blue) or 4.5 °C (green).
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5 CONCLUSIONS

This report explores climate model projections of the time at which a range of global average specific warming
levels (SWL) may be reached in the future. The SWLs of 2.0°C up to 6 °C are considered, where sufficient model
scenarios are available. This study has two components. In the first case we use a range of existing simulations
from general circulation climate models (see Appendix A). In the second approach use the much larger set of
emission scenarios from the third Working Group of the IPCC 5 assessment, plus a simple climate model. This
allows more detailed consideration of the role of the emissions scenario choice on timing of reaching a particular
SWL and allows us to control key climate parameters.

The main findings of this report are:

e Care needs to be taken in defining the time of reaching a given SWL, with account taken of natural
variability and consideration of the bias introduced by using a sub-sample of models.

e Using an analysis of existing general circulation models, the median estimate of the time of reaching 2 °C
is by 2040 with a 10" to 90™ percentile range of 2020 to 2075. For 4°C the median time of exceeding the
SWL is in the early 2070s with a 10" to 90th percentile range of 2052 to 2082. For 6°C, the sample of
models is smaller with a median in the early 2080s (10" to 90" range of 2067 to beyond 2100.

e To some extent the ISI-MIP subset of models under represent the range of years for reaching SWLs
compared to the full model sample.

e Simple model simulations show that the IPCC emissions database of the third working group does not
uniformally sample the range of possible future emissions. Focus has been on particular parts of the
solution space. Of those scenarios that peak emissions, later peaking leads to earlier crossing of the SWLs.

e The impact of key parameters, such as equilibrium climate sensitivity, is shown to have a major impact on
timing of reaching SWLs, and better understanding it’ range is a first order research priority.

Subsequent deliverables from work package 2 will extend the analysis of the complex models collated for this
project to examine the changes in regional and seasonal changes in climate variables. The following deliverable
will also examine the CLIMDEX extremes data set, a diagnosis of 27 metrics of extremes based on simulations
from CMIP3 and CMIP5, will also be examined at a regional scale. Global changes in extremes by contrast, are
much less relevant and so are omitted from the present study. Appendix B contains a list of this metrics that will
be included in later analysis.
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APPENDIX A:

The following time series are show global annual mean warming relative to the 1986-2005 reference period.
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Figure A1 RCP2,6 as simulated by CMIP5 archived data
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Figure A2 RCP4.5 as simulated by CMIP5 archived data
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Figure A3 RCP8.5 as simulated by CMIP5 archived data
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Figure A4 CMIP3 model

simulations of global annual mean warming since pre-industrial times for the SRES A1B scenario
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Figure A5 Same as figure A4 but for the SRES A2 scenario
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APPENDIX B: EXTREME INDICES

Changes in climate will be first felt though change in the climate extremes such as very hot days getting hotter or

rainfall getting heavier. While many measure of extreme can be useful, many are only of utility at a regional level.

To this end no measures of changes in extremes are reported here, but they will be for regional changes that are

the focus of the second deliverable for work package 2.

The data used for this will be from the climdex® dataset which has produces datasets of 27 extreme variables

based on simulations from CMIP3 and CMIP5. For reference the variable that will be examined in deliverable 2 are

listed below;

L oONOULAWNRE

15.

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

FD, Number of frost days: Annual count of days when TN (daily minimum temperature) < 0 °C.

SU, Number of summer days: Annual count of days when TX (daily maximum temperature) > 25 °C.
ID, Number of icing days: Annual count of days when TX (daily maximum temperature) < 0 °C.

TR, Number of tropical nights: Annual count of days when TN (daily minimum temperature) > 20 °C.
GSL, Growing season length.

TXx, Monthly maximum value of daily maximum temperature:

TNx, Monthly maximum value of daily minimum temperature.

TXn, Monthly minimum value of daily maximum temperature.

TNn, Monthly minimum value of daily minimum temperature.

. TN10p, Percentage of days when TN < 10th percentile.

. TX10p, Percentage of days when TX < 10th percentile.

. TN90p, Percentage of days when TN > 90th percentile.

. TX90p, Percentage of days when TX > 90th percentile.

. WSDI, Warm spell duration index: Annual count of days with at least 6 consecutive days when TX > 90th

percentile.

CSDI, Cold spell duration index: Annual count of days with at least 6 consecutive days when TN < 10th
percentile.

DTR, Daily temperature range: Monthly mean difference between TX and TN.

Rx1lday, Monthly maximum 1-day precipitation.

Rx5day, Monthly maximum consecutive 5-day precipitation.

SDII, Simple precipitation intensity index.

R10mm, Annual count of days when PRCP2 10mm.

R20mm, Annual count of days when PRCP2 20mm.

Rnnmm, Annual count of days when PRCP= nnmm, nn is a user defined threshold:

CDD, Maximum length of dry spell, maximum number of consecutive days with RR < Imm.
CWD, Maximum length of wet spell, maximum number of consecutive days with RR = 1mm.
R95pTOT, Annual total PRCP when RR > 95p.

R99pTOT, Annual total PRCP when RR > 99p.

PRCPTOT, Annual total precipitation in wet days.

8 http://www.climdex.org/index.html
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