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The Conference of the Parties to the UN Framework Convention on Climate Change (UNFCCC) in Paris
in December 2015 (COP21) agreed on holding the increase in the global average temperature to well
below 2°C above pre-industrial levels. Moreover they stated in the same agreement that efforts
should be made to limit the temperature increase to 1.5°C.

Projections of the future state of the natural and anthropogenic world are required to advise society
and governments on the nature and implications of climate change. Integrated Assessment Models
(IAMs) usually combine a representation of the climate system with aspects of the socio-economic
system, such as the energy sector (for example TIAM-UCL). IAMs provide a quantitative basis for the
evaluation of policies aiming to avoid or adapt to climate change.

Within the last IPCC assessment report (AR5) a large study around available technologies and timing
of policies applied in IAMs to achieve the 2°C target has been conducted. However the simple climate
representations included in IAMs are generally tuned to the results of ensemble means of more
complex climate models and without consideration of specific uncertainties which exist in the
modelling of physical climate change. This tuning approach may result in hiding, within the ensemble
mean results, possible challenging mitigation pathways for the economic or future technology future
scenarios.

This report provides new insights on the sensitivity of the socio-economic response to different
climate factors under a 2°C climate change target in order to help guide future efforts to reduce
uncertainty in the climate mitigation decisions.

The main objective of the deliverable is to understand and bring new insights on how future global
warming will affect the natural biochemical feedbacks on the climate system and what could be the
consequences of these feedbacks on anthropogenic emission pathways to limit warming to 2°C. Our
specific focus is on the energy-economy system. The report specifically focuses on three aspects of
uncertainty in the climate representation affecting the energy system transformation and GHG
emissions pathways:

1- Impact of uncertainty in Transient Climate Response (TCR);

2- Impact of warming on the radiative forcing through earth system feedbacks;

3- Impact of warming on the carbon cycle.

The pathways examined will depend on assumptions in areas such as technology constraints and
socioeconomic factors; however this report focuses on the assessment of the effects of the three
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climate uncertainties listed above in isolation. The following key conclusions drawn from this study
are:

1. Mitigation to 2°C is still possible under strong climate sensitivity. In order to meet the
stringent climate target it is necessary to limit CO, emissions below 3 Gt(CO;) by the end of the 21st
Century. However, this level of climate mitigation will require a significant transformation in the way
we produce and consume energy. Carbon capture and sequestration on electricity generation,
industry and biomass is part of the technology pool needed to achieve this level of decarbonisation.

2. Mitigation to 2°C is easier to achieve under negative earth system feedback in the climate
representation. However, whilst the level of mitigation may be easier to achieve, it will still require
strong GHG emissions reductions.

3. Mitigation to 2°C under positive earth system feedback and high climate sensitivity requires
greenhouse gas removal technology. Combining high TCR with large positive feedbacks exacerbates
the stringency of mitigation required to meet the 2°C target and produces the need of GHG removal
technologies at the end of the century.

4, Changes in the carbon cycle have a strong impact on temperature achieved under business as
usual scenarios. A strong carbon cycle feedback coupled with a high TCR value could add 1.7°C to the
BAU global temperature change in 2100.

5. Mitigation to 2°C under a strong carbon cycle feedback with a high TCR value presents an
argument for novel GHG removal technologies to be introduced as a technological option.

In this report we have seen that strong positive natural biochemical feedbacks driven by global
warming, if considered with a high climate sensitivity in the integrated assessment model, would
probably create pathways requiring some sort of additional negative emission technologies at the
end of this century to keep temperature change well below 2°C.
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Report: Assessment of additional biogeochemical and climate-energy
feedbacks on climate and their feasibility.

The countries that met at Conference of the Parties of the UN Framework Convention on Climate
Change (UNFCCC) in Paris in December 2015 (COP21), agreed to hold the increase in the global average
temperature to well below 2°C above pre-industrial levels, and also to make efforts to limit the temperature
increase to 1.5°C. Projections of the future state of the environment are required to advise society,
government and the international community on the nature and implications of climate change, and to provide
a rigorous quantitative basis for the evaluation of policies aiming to avoid or adapt to climate change.
Integrated Assessment Models (IAMs) provide a way of combining a representation of climate with models of
aspects of the socio-economic system, such as the energy sector (for example TIAM-UCL). Within the last IPCC
assessment report (AR5) scenario database there is a large sensitivity study around available technologies and
timing of policies applied in IAMs to achieve the 2°C target.

The climate system in IAMs is a simple representation of the physical climate, which is usually
restricted to greenhouse gas concentrations, radiative forcing, global average temperature, sea level rise and
climate change’s economic damages. These simple climate representations are generally tuned to the results
of ensemble means of more complex climate models, which have been run following particular assumed
pathways (such as increasing radiative forcing). However, a lot of uncertainties exist in the modelling of
physical climate change, as noted in the IPCC AR5 report. All the phases of the climate change representation
within the climate module (carbon cycle, climate sensitivity, and natural feedbacks) have large uncertainties
that will impact on the carbon budget available to achieve strong climate targets. This project proposes to
provide new insights on the sensitivity of the socio-economic response to different climate factors in order to
help guide future efforts to reduce uncertainty in the climate models.

The main objective of the deliverable is to understand and bring new insights on how future global
warming will affect the natural biochemical (negative or positive) feedbacks on the climate system and what
could be the consequences of these feedbacks on the anthropogenic emission pathways with a specific focus
on the energy-economic system. It specifically focuses on three issues and how they effect energy system
transformation and GHG emissions pathways: (i) Impacts of the climate’s sensitivity to forcing; (ii) impacts of
warming on the radiative forcing through earth system feedbacks; (iii) impact of warming on the carbon cycle
on.

This deliverable contains the documentation and analysis on the implementation and usage of the
enhanced climate module for the global integrated assessment model TIAM-UCL. The report is divided in three
section reporting on one specific area of the climate representation and its improvements in TIAM-UCL as part
of within WP2 of HELIX. This work extends the results from the implementation of the ‘step-function’ in the
TIAM-UCL model from previous deliverables. The step-function approach developed by the UK Met Office, and
used as part of the IPCC analysis in the fifth assessment report, is a method of reconstructing general
circulation models (GCMs) climate response to radiative forcing. This method is derived from idealized abrupt
CO, step experiment results as presented in Good et al., (2011). In section 2 we are look at the impact of
different transient climate responses from the CMIP5 climate models on the integrated assessment model.
Section 3 presents examines the potential impact of including some early estimates of the strength of

Project 603864



/A
heli

additional earth system feedbacks, not yet included in the CMIP5 models, on the radiative forcing calculation
in TIAM-UCL. Finally section 4 contains the description of GAMS, the system within which TIAM-UCL runs, and
the implementation of an improved carbon cycle into TIAM-UCL and its impact on mitigation scenarios.

TIAM-UCL is a 16 regions global integrated assessment model with focus on the energy system in each
region (Anandarajah et al., 2011). The model describes the entire energy system by all essential current and
future energy technologies from the primary energy supply through the processing, conversion, transport,
distribution of energy carriers to the end-use sectors (including residential, commercial, industrial, agricultural,
and transport). These demands are linked to exogenous underlying drivers, like population growth or GDP
development, via demand elasticities. Each region can trade one or more resources (fossil fuels, biomass as
well as carbon emissions) with other regions. Regional trade will depend on demand, supply and cost (including
transportation cost) of the resources. For integrated assessment model shared socioeconomic pathways (or
SSPs) as presented in Moss et al. (2010) the SSPs include both a qualitative component in the form of a
narrative on global development and a quantitative component such as population, GDP or urbanisation. The
guantifiable drivers in our case are following the SSP2, representing the middle of the road pathway in term
of population and GDP growth as seen in figure 1.
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Figurel: SSPs population and GDP. SSP2 is in light blue.

The TCR refers to the global mean temperature change that is realised at the time of CO, doubling
under an idealised scenario in which CO, concentrations increase by 1% yr™ (Cubasch et al., 2001). As such the
TCR is a measure of the strength and rapidity of the surface temperature response to greenhouse gas forcing.
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The step-function is a simple climate model (SCM) framework developed at the UK Met Office and is
an alternate method of estimating the climate response to an emission trajectory directly from global climate
model step simulations. This SCM is fully described in Good et al. (2011) and Good et al. (2012). The main
advantage of this approach is that its results are directly traceable to the GCM involved and closely connected
to well-known methods of analysing GCMs with the step-experiments.

The model assumes linearity in the response to a step change in forcing. This is, the response to a
sequence of changes in radiative forcing is assumed to be identical to the sum of the responses to each
individual case and the response to each step is assumed to be linearly proportional to the magnitude of the
change in forcing (this is referred as the step response (SR) linearity assumption). The step-function SCM
results are directly obtained from idealised GCM step-experiments (specifically in this case, from a 4xCO,
experiment in HadGEM2-ES GCM (Bellouin et al., 2011; Collins et al., 2008) where CO; is abruptly quadrupled
and kept constant afterwards for 150 years. Then, the response to this idealised experiment can be used to
replicate the GCM response to any time-dependent change in emissions scenario. Assuming the SR linearity,
the response of a given magnitude at a given year to any change in forcing is the summation of the responses
of the previous years.

Good et al. (2013) demonstrate that feedback estimates and physical understanding from CO; step-
experiments can be transferred to understanding of more realistic experiments with time-dependent forcing.
Nevertheless Good et al. (2011) find that the assumed SR linearity may be violated under certain conditions
for some climate variables. The increase, decrease or stabilisation of CO, appears to play a very important role
in SR linearity: for scenarios of increasing CO,, SCM reconstructions of GCM temperature are excellent and
heat uptake reconstructions are satisfactory in every considered scenario (Good et al., 2011). However, non-
linearities arise from temperature and especially precipitation when CO, concentration is stabilised or
decreased (from an example with a step-response based on a HadCM3 step-experiment) but Good et al. (2011)
argue that these non-linearity details may be strongly GCM-dependent. The approach was used in the IPCC 5t
assessment to interpolate between scenarios in the climate projection chapters. Here we use the the step-
functions derived from different CMIP5 models a proxy from the temperature response to forcing, essentially
as a proxy for different values of TCR.

High and low TCR models are extracted from the CMIP5 ensemble: we choose models from the upper
and lower end of the CMIP5 TCR distribution to illustrate the impacts that the uncertainty in modelled TCR has
on mitigation scenarios derived with TIAM-UCL. The models used are GFDL-ESM2G (TCR=1.1) and HadGEM2-
ES (TCR=2.5) for these sensitivity experiments. The step function parameters have been extracted from the
CMIP5 scenarios (historical, abrupt4x CO,, RCPs) following the methodology described and presented in the
HELIX deliverable HELIX_D_2.5. The step-function calculation is applied to a deviation from an existing forcing;
the existing forcing has been chosen to represent the RCP4.5 forcing and surface temperature realisation for
each model. This choice will be discussed in the conclusions of this report.

As an example of the impact that the different TCR values have on the projections (here using different
ESM step functions as a proxy for TCR), Figure 2 shows the radiative forcing and temperature to 2100 for the
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two different CMIP5 model TCR values as extracted from the CMIP5 database. These data will be used in the
TIAM-UCL step-function as described above.
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Figure 2: radiative forcing and temperature under RCP4.5 pathway calculated by GFDL-ESM2G and
HadGEM?2-ES (used as references in the step function as described in HELIX_D_2.5).

For each TCR value two scenarios are calculated, a business as usual with no climate policy applied to
it and a scenario where a 2°C temperature target for the end of the century is imposed (allowing overshoot
above the 2°C during the represented period).

In the case of the business as usual case there are no constraints on the climate results and as a
consequence the emissions of GHGs are identical for the two different TCRs and represent the development
of the energy system to supply energy at the least cost consistent with the underlying the socioeconomic
pathway (in our case SSP2). In the case of BAU the emissions of CO, are increasing from 8.72 to 30.16 GtC/y

from 2005 to 2100 respectively.

Under the different TCR values used (represented by the different CMIP5 step function parameters)
the temperatures under the same GHGs emissions are different (figure 3). The global surface temperature
change in 2100 will reach 5.3°Cin the case of HadGEM-2ES TCR and only 4.6°C in the case of GFDL-ESM2G TCR.
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Figure 3: temperature change calculated by the climate module using the step function under GFDL-ESM2G
and HadGEM2-ES as a proxy for different TCR values

The consequences on the economic system of the different temperature outcomes under the BAU
emissions are presented as damage costs calculated by the TIAM-UCL damage functions. The damages in each
region of TIAM-UCL are calculated via a damage function extracted from the PAGE09 model. The mathematical
formulation of the damages follows an exponential function of the temperature change (Hope 2011). The
difference in temperature between the two TCRs creates a discrepancy that reaches a 35% increase in
damages after 2080 for HadGEM2-ES in comparison to GFDL-ESM2G (for example, from 4.96 to 6.79 billion
USS/y for GFDL-ESM2G and HadGEM2-ES respectively in 2100). This illustrates the uncertainty in damage costs
of BAU that arises from current scientific uncertainty in TCR.

The 2°C target is now imposed on in TIAM-UCL under the two different TCRs. This relatively ambitious
target imposes a similar temperature path between the two simulations (with different TCR) but which have
arisen from different GHG emission pathways (figure 4). Net emissions (including LULUCF and CCS) under the
lower TCR are still 6.7Gt CO; in comparison to 3.6Gt CO, for the higher TCR in 2090. Reduction also occurs
earlier with the higher TCR from HadGEM2-ES with emissions reduced by 20% already in 2020 in comparison
to the lower GFDL-ESM2G TCR. Within the energy system, when looking at the electricity generation at the
end of the century, in the low TCR value scenario a large part (15%) is still produced by coal power plants with
CCS. When the higher TCR is applied remaining emissions need to be further curtailed and generation is
replaced by more expensive zero emitting technologies such as renewable (wind, hydro and solar), nuclear or
fossil fuel (only gas) with CCS technology as seen in figure 5 (right panel). The consequence is a higher cost of
carbon under HadGEM2-ES TCR as emissions of GHGs need are reduced faster and further to achieve the
climate target in 2100. While the reduction of CO, emissions under a higher TCR is more aggressive and
challenging, such measures would have co-benefits such as improvement in air quality impacting on human
health and building maintenance. These benefits are not included in the optimisation calculation within TIAM-
UCL and as consequence do not compensate the higher carbon price in the case of high TCR. The different

carbon prices (calculated from the mitigation costs to achieve the target) are presented in figure 6 for the two
Project 603864
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scenarios. In the case of the high TCR value the carbon price rises from 1000 S/t CO, in 2005 to 8000 $/t CO;
in 2100. These carbon price values are in line with the data extracted from the IPCC AR5 database of integrated
assessment models calculating pathways limiting CO, concentration to 450 ppm in the range of the 2°C target
(Dessens et al. 2016) as presented in figure 7. In the case of the low TCR it reaches only 2000 $/t CO; in 2100.
However carbon prices are not only driven by the climate system representation in the TIAM-UCL model but
also depend on costs and availability of technologies in the energy system representation. In these scenarios
from TIAM-UCL technologies to remove carbon from the atmosphere through net negative emissions is
restricted to BECCS only. Direct air capture, afforestation and biochar or other greenhouse gas removal
technologies are not included as available technologies in the model. The total discounted system cost

calculated for the 2°C scenarios varies from 528 to 602 billion USS between GFDL-ESM2G and HadGEM2-ES
respectively over the 2005-2100 period.
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Figure 4: CO, emissions for the 2°C scenario under high and low TCR: HadGEM2-ES on the left and GFDL-ESM2G
on the right.
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Figure 5: Left Panel: Electricity technologies generation under the 2°C for years 2035 and 2050 under high TCR
(HadGEM2-ES). Right Panel: Difference in electricity generation between the 2°C scenario under high and low
TCR (HadGEM2-ES - GFDL-ESM2G) [Note the different unit scale between the left (actual generation for 2°C
HadGEM2-ES TCR) and right (difference in generation due to different TCR)]-
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Figure 6: Carbon price to achieve the 2°C target under low and high TCR values.
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Figure 7: Carbon price for 450 ppm scenarios from the IPCC AR5 database (Dessens et al., 2016).

Climate feedbacks are processes that can amplify or diminish the effects of climate change and are an
important feature of the climate system’s response to emissions, yet many of the processes involved remain
uncertain. For example changes in radiative forcing due to modification in cloudiness is very uncertain as cloud
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microphysics is not adapted to the scales (temporal and geographical) of the GCMs. Climate change will affect
clouds and could bring about a positive or negative feedback and the direction of this change is still uncertain.
Reduced stratocumulus cloud formation in a warming climate, for example, may lead to a net positive
feedback. In an opposite way cirrus clouds (high altitude ice clouds) may contribute to a possible cooling due
to their different radiative properties. Focussing on cloud interaction with climate change, one conclusion from
the latest IPCC Chapter 7 WG1_AR5 (Boucher et al. 2013) proposes a clouds feedback ranging from -0.2 to
+2.0 W m= °C?, with a 17% probability of a negative feedback.

In this part we study the potential impact of different emerging areas earth system science to examine
feedbacks in the earth system that are not yet included into the current state of the art GCM of CMIP5. These
feedbacks include, amongst others, processes such as carbon release from wetland, the melting of permafrost,
fire and dust. A linearised framework has been developed by Gregory et al 2009, extended by Arneth et al
2010, and included in assessment by ARS5. In this framework the feedback strength is diagnosed as an
additional radiative forcing per degree of warming. The net strength of the additional feedbacks used here is
derived from the analysis of IPCC WG1 ch12 which presents analysis for a number of different studies of
different processes. We build a distribution of feedback strength based on assuming each study is equally likely
and combining the distribution from all possible permutations of feedback strength sampling one study per
process. After combining these equally likely permutations into a distribution we take quite extreme values of
the combined feedbacks by using the 5th and 95th percentiles of this distribution, which are -0.080 (a small
negative feedback) and 0.390 (a larger positive feedback) Wm2K?. The individual feedbacks strength and
derived distributions are shown in figures 8 and 9.
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Figure 8: From figure 6.20 of IPCC WG1 ARS. he assessed feedback strength of earth system processes not yet
included in GCM for which science is maturing emerging. Dots indicate the results from individual studies while
the colours bars are the median of the individual studies for each process.
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Figure 9: Distributions of net strength of additional feedbacks in figure 8 derived by assuming all studies are
equally likely and considering all permutations possible when sampling a single value for each process.

The formal description of the use of these feedbacks as additional sources of forcing is as follows:
e RFwi=RF+aAT
Where:

a is the above mentioned parameter extracted from earth system model results,

RFws is the radiative forcing with the temperature feedback effect, RF is the radiative forcing calculated from
GHG concentration change (as in the original version of the TIAM-UCL climate module), and finally

AT is the global surface temperature change (in our case the change is calculated from present day global

surface temperature).

The step-function used in the following section is calibrated using the results from HadGEM2-ES which
has the highest TCR from CMIPS5. It was obtained from idealised GCM step-experiments from a 4xCO,
experiment as detailed earlier. The socioeconomic pathways forcing the demands in TIAM-UCL is, as in the
previous chapter, the SSP2 middle of the range scenario estimate.
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The direct results on forcing and temperature are presented in figure 10. As expected the positive
parameter increases substantially both variables. When the parameter is negative (having a reduced absolute
value) the results show a small weakening impact on both temperature and forcing. The BAU case with no
additional feedback has a radiative forcing of 8W/m? and a surface temperature reaching 5.3°Cin 2100 under
the high TCR conditions. The positive feedback applied increases the maximum temperature in year 2100 by
1.7°Cto reach 7°C compared to pre-industrial. In contrast the negative feedback, having smaller absolute value
leads to a smaller temperature change of 0.2°C below the BAU reference value, or 5.1°C above pre-industrial
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Figure 10: Radiative forcing and global surface temperature change including no, positive and negative
feedback for the reference and 2°C scenarios (total of 6 different scenarios).

In the 3 BAU scenarios the main impact on the system is the damage costs calculated from the
temperature reached. The BAU and “BAU with negative feedback” have a very similar temperature change
profile and the damages are attaining 6.79 and 6.29 billion USS/y respectively. However the larger
temperature change under the positive earth system feedback intensifies the damages from climate change
and the costs are reaching close to 11 billion USS/y for 2100.

Like in the previous section analysing the effects of the TCR on the TIAM-UCL results, the effects on
the 2°C target are mostly visible in the GHG emissions and the price of carbon required to drive emissions
reductions. In this case the radiative forcing and the temperature are connected via the TCR chosen, with the
feedback between these two variables affecting only the portion of the radiative forcing coming from the
atmospheric concentration of GHGs and the portion due to the additional feedback (when introduced in the
climate module).
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Figure 11: CO, emissions for the 2°C scenario under negative parameter feedback on the left and positive
parameter feedback on the right.

As seen in figure 11 (left panel), in the negative feedback of temperature on radiative forcing case the
CO, emissions are very close to the BAU HadGEM2-ES results presented in figure 4. The absolute value of the
negative parameter is relatively small enough to not modify the radiative forcing and temperature on a large
scale (as seen above). The right panel in figure 11 presents the CO, emissions for the 2°C target under positive
feedback with a parameter value of 0.39 Wm™K1. Under these conditions the GHG emissions need to be
severely reduced from the start of the simulation to achieve net zero level from 2060. CCS on electricity
production, industry and bioenergy (the only CO, removal technology in the model) are deployed on large
scale by 2100 (1/3 of electricity production). Nuclear and renewables are splitting the other 2/3 of the
production equally. This rapid reduction in emissions and the shift in energy system toward zero CO; emissions
after 2060 come to a price that can be seen in figure 12 presenting the carbon price under the different values
of feedback examined. The price of carbon reported for the positive earth system feedback makes the solution
practically infeasible without some atmospheric GHG removal technologies due to the high price of carbon
calculated by the model. This wasn’t the case for the 2°C scenario calculated with the high TCR and no earth
system feedback (precedent chapter). On the other side the negative feedback relaxes slightly the carbon price
from the levels found in the BAU in the previous chapter. The negative earth system feedback parameter
relaxes slightly the condition for the climate mitigation target as seen in figure 12 (2090 carbon price at 6500
S/t CO;z in comparison to 8500 S/t CO, when no earth system feedback is considered) . The carbon price,
presented in figure 12 for the high TCR of HadGEM2-ES, is still within the carbon prices reported within the
IPCC AR5 database — however outside the third quartile values of all 450 ppm scenario and model results. A
further scenario has been calculated introducing new CO, removal technologies in the model (direct air
capture, biochar). These technologies are just described as a removal of CO, from the atmosphere (not linked
to technologies with emission such as CCS) at a certain price that has been chosen 5000 USS/t CO; arbitrarily
for the moment. As seen in figure 13, negative net emissions are starting after 2060 and the removal of less
than 7Gt/yr of CO, in 2100 is enough to get the carbon price reduced to more reasonable level (figure 12 green
line).
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Figure 12: carbon price under earth system feedbacks using the high TCR value in the step function.
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Figure 13: CO, emissions for the 2°C scenario under positive parameter feedback with atmospheric CO,

removal technologies available.

The results presented above are obtained under high value TCR condition as represented in HadGEM2-
ES. Combining high TCR with large positive feedbacks as in our case exacerbates the stringency of mitigation
required to meet the 2°C target and produces very high carbon prices and the need of GHG removal
technologies at the end of the century. Further sensitivity studies will be conducted to check the results using

step-functions from lower TCR CMIP5 models.
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The carbon cycle is the biogeochemical cycle by which carbon is exchanged among the biosphere,
geosphere, hydrosphere, and atmosphere of the Earth. The cycle describes the movement and storage of
carbon between these reservoirs.

It is well established that the CO, atmospheric concentration, under increasing anthropogenic
emissions, can be well represented by an exponential response function with 5 terms corresponding to 5
different lifetimes for the atmospheric CO; in the IPCC formulae 2001:

5
Matm®) = ap + X,_, aj exp(—y/y)

However TIAM model has been written in linear programming and would not allow for non-
linear functions such as exponential. Tests conducted to run the TIAM model in a non-linear manner have
proven unfeasible using the standard solver available at UCL. When achieving a result the model in the non-
linear form was far slower than its linear counterpart (from minutes in the linear version to days in the same
non-linear version). As a first conclusion the linearity of the model has to be maintained to have simulations
achieved in reasonable time due to the extreme complexity of the energy system representation. The carbon
cycle is therefore represented in TIAM by a three-reservoir model for carbon balancing the carbon storage
between the atmosphere (ATM), the combined terrestrial biosphere and upper ocean (UP) and finally the deep
ocean layers (LO) as represented by the three equations (eq. 1 —eq. 2 — eq. 3):

Matm (y) = E(y) + (1 - (patm-up) Matm (y- 1) +(pup-atm Mup (y-1)
M up (y ) = (1 _(pup-atm - (Dup-!o) Mup (y - 1) + qoarm-up Marm (y - 1) + (pfo-up Mfo (y - 1)

Mfo (_V) = (1_ (ofo-up) M!o (_V'1) + qoup-fo Mup (_V"’)

The carbon cycle in TIAM-UCL is represented via a three compartments module with fluxes between
the reservoirs and the quantities stored in these reservoirs (starting in 2005 as for the model reference energy
system). All these coefficients have been previously adjusted in the calibrated TIAM-UCL module to fit the
MAGICC6 SCM,; the coefficients can be found in table 1 for the carbon cycle.

Table 1: TIAM climate module coefficients for the carbon cycle:

CM_CONST Original TIAM-UCL module
CO2-ATM (2005) 807.0e12
CO2-UP (2005) 1600.0e12
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C0O2-LO (2005) 10010.0e12
PHI-AT-UP 0.0127
PHI-UP-AT 0.0048
PHI-UP-LO 0.0005
PHI-LO-UP 0.000075

The modification to the TIAM carbon cycle for the HELIX project

Following analysis of the carbon cycle from CMIP5 by the met office (appendix a) two possible low
order formulations for climate feedbacks on the carbon cycle have been proposed to improve the carbon
cycle in TIAM-UCL after testing several equations. The principal idea is to correct the evolution of the
atmospheric CO; concentration for the structural limitations of the simplified carbon cycle in TIAM, specifically
a lack of state dependence in the transfer between carbon stores, by modifying the value of emitted CO; by a
function of temperature change. This essentially imposes a climate change feedback on the carbon cycle. The
two suggested possible formulations are designed to represent a feedback apparent in the CMIP5 data which
is initially small at low warming levels be then starts to grow rapidly as temperatures increase.

The first formulation is a linear temperature feedback on the emissions, using the anomaly to the 100 year
running mean temperature, but where the feedback is only apparent above a threshold. The use of the
anomaly to the 100 year mean represents the order of the timescale over which anomalous sources and sinks
of carbon equilibrate (Allen et al 2009):

E’(yr) = E(yr) + (AT(yr)stm — Tm)b (eq. 4)

Where E(yr) are the CO, emissions at year yr from the TIAM-UCL processes and E’(yr) are the emissions taking
in consideration the feedback on the carbon cycle. AT(yr) is the temperature change achieved at year yr, Tm
is the 100 year running mean temperature change and b is a constant parameter.

The second formulation is to use a quadratic form following the equation:
E’(yr) = E(yr) + a (AT(yr) — Tm) + b (AT(yr) - Tm)*> (eq. 5)
Where a and b are two constant parameters which are GCM dependent.

In the two formulations the values of the coefficients (presented in table 1) for the fluxes between the
three reservoirs have also been recalibrated using the GCM results (appendix a). Many other different and
higher order formulations for the feedback term were examined yet the benefit of any further increased order
of complexity were limited so a quadratic formulation has been chosen because it is both successful in
improving the model performance and can be adapted to linear programming. The first formulation using
threshold and linear function is not adapted to the model due to the Boolean nature of the threshold condition
on a variable (in this case a deterministic variable: temperature).
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Finally the parameters of the carbon cycle modified with the feedback parametrisation are fitted to
the CMIP5 models and the resultant parameter set from two CMIP5 models chosen for the sensitivity tests.
IPSL-CM5A-LR and MIROC-ESM which were selected on the basis of the carbon cycle performance and the
levels of CO, drawdown in the models, with the two models being at the upper and lower ends of the CMIP5
distribution of carbon drawdown (or conversely of the time integrated airborne fraction of carbon emissions
remaining in the atmosphere). The new parameters for the carbon cycle are presented in table 2.

Table 2: TIAM climate module coefficients for the carbon cycle under the formulation (eq. 5) and for the
models are IPSL-CM5A-LR and MIROC-ESM. Note the initial carbon pool size has not been changed from the
original model configuration.

CM_CONST ISPL-CM5A-LR MIROC-ESM
CO2-ATM (2005) 807.0e12 807.0e12
CO2-UP (2005) 1600.0e12 1600.0e12
CO2-LO (2005) 10010.0e12 10010.0e12
PHI-AT-UP 0.064 0.064
PHI-UP-AT 0.0274 0.03
PHI-UP-LO 0.0033 0.00133
PHI-LO-UP 0.0000001 0.000089

a 0 0

b 2.69 3.85

Technical description of the new formulation for the carbon cycle in TIAM-UCL:

The modelling of the carbon cycle via equation (5) introduces a non-linear term in the objective
function from the quadratic part of the formula. This in turn requires that the model be solved via a Non-Linear
Programming (NLP) algorithm rather than a LP algorithm. However, the resulting Non-Linear Program remains
convex as long as the elasticity parameter is higher than zero.

TIAM-UCL is a large linear program solving a large system. In case of large system, linearity is desired,
as consequence expression (5) needs to be linearised to be included in the model. That can be achieved by a
sequence of linear segments with increasing slopes, and thus obtain a Linear Program.

The linearization can be done, by choosing a suitable range of temperature change (the variable to be
squared), and dividing that range into m intervals below the reference level, and n intervals above the
reference level. There is a middle interval centred at a reference chosen level. Each interval corresponds to
one step level (linear variable). In this formulation we choose intervals of uniform width on each side of the
reference level. The width of the middle interval is always the average of the widths below and above the
reference level. The approximate resulting value at each step can be assumed to be the resulting value level
at the centre of each step. If all the steps intervals are of equal size, the value for the steps below the reference
level is obtained by the following formula:

Input parameters for the TIAM-UCL carbon cycle:
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Parameter Description

CC_BQTY Reference level (temperature change compare to past 100 years mean)

CC_LQTY variable level at reference

CC_ELAST(up/lo) Elasticity of the variable level on the lower and upper side

CC_STEP(up/lo) Number of steps for the linearized function above and below the reference level

There is only one reporting variable related to the new carbon cycle function. This variable represents
the square of the temperature change compared to the previous 100 year mean temperature change over the
year of the simulation. The value has been included in the updated calculation of the atmospheric burden of
CO; for each year following equation (5). An example of the linearization is given in figure 14 presenting a 3
step function following the quadratic formulae (green curve).
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Figure 14: results of the linear formulation for the quadratic function with a simple 3 steps representation
[with parameters: CC_BQTY = 0.8; CC_LQTY = 1.7; CC_ELAST(up/lo) = (1.4/0.8); CC_STEP(up/lo) = (1/1)].

Results:

As in the previous sectionthe simple climate module in TIAM-UCL has been configured to represent
the relatively high HadGEM2-ES TCR. The socioeconomic pathways still follows SSP2 scenario as in the previous
sections. The modification of the carbon cycle in the climate module of TIAM-UCL acts on two different
parameters. The first one described above is the change in yearly CO, emissions expressed as a function of
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temperature relative to the mean temperature of the past 100 years. The second modification changes the
values of the parameters representing the fluxes between the three reservoirs represented in the carbon cycle.
The modification from the original values (see table 1) can be rather large and will act in the results of the
burden of CO; in the atmosphere directly affecting its mixing ratio and as consequence the resultant forcing
and temperature change realised from the change in concentration. Figure 15 presents, for both BAU and 2°C
scenarios, the emissions of CO; (including the temperature feedback for the IPSL and MIROC models) on the
left panel. The original version of the carbon cycle is also shown for comparison.

The middle panel of figure 15 shows the mixing ratio resulting from the emissions; again the changes
in the fluxes values are included for the 2 CGMs in the figure. Finally the third panel presents the temperature
change. For the BAU pathways the change in concentrations is driven by the temperature feedback
represented by the quadratic feedback formulation. The concentrations for the two GCM tunings of the new
carbon cycle range from 900ppmv to 1000ppmv in 2100. Global surface temperatures under the stronger
feedback in the MIROC GCM reach 6.2°C compared to 5.3°C in the original TIAM-UCL representation. As before
in the case of BAU the economic impact of this climate uncertainty is felt only through in the global damages
calculated from the temperature change rather than the cost of any mitigation.
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Figure 15: CO, emissions (first panel) concentration (middle) and temperature achieved (third panel) for BAU
and 2°C scenario with the original carbon cycle (ref in the legend) and the modified formulation for two GCM:
IPSL-CM5A-LR and MIROC-ESM.
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Figure 16: CO, emissions for the 2°C scenario under IPSL and MIROC parameter in the carbon cycle of TIAM-

UCL.

Within the 2°C scenarios emissions need to be curtailed rapidly in the two representation; emissions
by sectors are presented in figure 16 for the IPSL and MIROC carbon cycle tunings. However the results are
strongly constrained by the temperature target with the larger feedback from the MIROC model
representation driving emissions to zero in 2100 (a situation less dramatic than the previous case presented
for the positive feedback of temperature on radiative forcing). This makes the target under the MIROC
parameters effectively unachievable (the carbon price reaching 50,0005/t CO, in 2100 in figure 17). Once again
the introduction of atmospheric CO, removal technologies in the technology mix in the TIAM-UCL system
render the target more realistically achievable (as seen in figure 17 carbon price). With direct removal of CO,
from the atmosphere technology net zero emissions (but in this case not net negative) can be achieved from
2070 changing the strength of the emission reduction in the earlier part of the calculation as seen in figure 18
producing a more manageable level for carbon price from the start of the pathway.

Change in the carbon cycle to represent that of different CMIP5 models can have a strong impact on
temperature achieved under BAU or the technical ability to keep temperature change below 2°C without new
technologies realising atmospheric removal of GHG. The inclusion of a strong carbon cycle feedback (from
MIROC) with a high climate sensitivity value (TCR) in the climate module of the integrated assessment model
produces quite extreme conditions for the energy system. This lead to very strong mitigation of GHG emissions
and once again presents an argument for novel GHG removal technologies to be introduced as a technological
option in the model for strong mitigation goals to keep carbon prices plausible. Further simulations are
planned to study the effects of the strength of the TCR with positive feedback on the emission mitigations
required with different carbon cycle feedbacks from CMIP5, with the anticipation that more moderate
combinations of TCR and carbon cycle will not require negative emissions technology from novel sources.
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Figure 17: Carbon price under the 2°C policy target for the carbon cycle module extracted from MIROC, IPSL
and the scenario with MIROC including extra direct CO, removal technology.
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Figure 18: CO, emissions for the 2°C scenario under MIROC carbon cycle with additonal atmospheric CO,
removal technologies available.

We have developed and implemented a methodology to allow us to test the potential cost
implications, for both damages and mitigation costs, of some of the leading order uncertainties in the climate
system. Transient climate response has been examined using a step-function model response based on the
CMIP5 ensemble as a proxy. The strength of earth system feedbacks from processes not included in the CMIP5
models for which research is now emerging is then assessed by use of the linearised formulations used by
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IPCC ARS. The carbon cycle component of TIAM-UCL is then modified and tuned to represent CMIP5 models.
As such we are able to assess several aspects of climate uncertainty in this report. Two different climate
feedbacks from global warming have been accounted for: the increase of radiative forcing (via the additional
linearised feedback) through additional earth system feedbacks not included in CMIP5 and the temperature
feedback on the carbon cycle exhibited by different GCM. In this report each feedback affects the climate
module and the energy system of the integrated assessment model. Moreover these feedbacks have been
integrated in the climate module under a high TCR condition as found in the HadGEM2-ES model results. With
this high climate sensitivity in the TIAM-UCL the addition of positive feedbacks from warming on the carbon
cycle or the radiative forcing has produced challenging mitigation pathways for the 2°C scenarios as
demonstrated by their high carbon prices. However as high as they are, these carbon prices stay within the
range found in the AR5 IPCC database for the 450 ppm scenarios (broadly consistent with the 2°C goal). An
integrated assessment model cannot define the feasibility of a scenario, but can indicate it in terms of
economic and technical considerations. In this report we have seen that the strong positive feedbacks
associated with high TCR would probably create scenarios requiring some sort of additional negative emission
technologies included. These results are in accord with previous publications (Riahi et al. 2015) however our
findings would benefit from sensitivity studies under different TCRs (lower ones than the HadGEM2-ES one)
to avoid the combinations of extreme cases of climate sensitivity with positive feedbacks used here.
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This deliverable assesses the impact of climate uncertainties on emissions budgets and costs for different
specific warming levels (SWL). As part of this the carbon cycle from TIAM is being modified and tuned to results
from earth system models (ESM) contributing data to CMIP5. These sets of tunings representing different
models from CMIP5 are then used to sample the carbon cycle uncertainty. This appendix details the derivation
and tuning of the modified carbon cycle in TIAM-UCL

The ESM data used for development of the carbon cycle in this deliverable is taken from the CMIP5 model
database (Taylor et al 2012). Data from all representative concentration pathways (RCP) available are used
and data from all models where sufficient data on is available are draw on. As the RCP are prescribed
concentration runs the implied CO, emissions are calculated from the total carbon inventories following Jones
et al 2013.

The native carbon cycle (CC) of TIAM is a simple 3 box model described in section 4. The original formulation
of the CC is referred to from herein as the “standard” (std). An offline version of this is used for initial testing,
development and validation.

The default CC parameters in TIAM are tuned to MAGICC6 (Meinshausen et al 2011) and so the first step here
is to retune the transport terms (Y. ) in the std set up above to minimise the Root Mean Square Error (RMSE)
of atmospheric CO, compared to the RCPs for each of the individual CMIP5 models. While the use of all RCP
data means there is no independent RCP data left to use as an independent validation, it does mean that
wherever possible the tuning has minimised the errors over scenarios covering a wide range of forcing
scenarios from aggressive mitigation to BAU scenarios.

The results for a CMIP5 model from the std configuration of CC show some similar common features across
models. As illustrated in Figure al the main feature is that the CO, concentration in RCP8.5 begins to deviate
toward the end of the century, where temperatures will be highest across all RCPs. This divergence is likely
the manifestation of the carbon cycle feedbacks on the CMIP5 models which is not included in the std CC
formulation.
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Figure al Atmospheric CO, from tuning the standard (std) TIAM carbon cycle parameters to data from an
example CMIP5 model (dashed) and the original RCP concentrations (solid).

Friedlingstein et al (2006) have suggested that carbon cycle feedbacks are roughly linear in their relation to
temperature and Allen et al (2009) have implemented this as a linear additional emission dependence on
temperature increase. In their study they use the anomaly above an exponentially-weighted running mean of
the preceding century, representing the timescale over which anomalous sources and sinks re-equilibrate. To
examine how the inclusion of a temperature dependent carbon cycle feedback may improve the std
configuration, the error in each model tuning can be estimated by diagnosing the additional emissions that
would have been needed for the atmospheric CO; evolution to have followed that of the relevant RCP. Figure
a2 shows this for the same model as the std tuning shown in Figure al. For the three lowest forcing RCPs the
errors are fairly evenly scattered about zero, while at higher temperature of the later stages of RCP8.5 there
is an apparent trend in the missing emissions toward higher values (note the temperatures in Figure a2 are
the anomaly relative to the 100 year running mean).
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Figure a2 Estimated emissions error between the std TIAM model tuning to an example CMIP5 model and
the RCPs.

Figure a2 shows a diagnosed estimate of emissions error compared to the std formulation. It should be noted
however that the tuning process has been performed to minimise the RMSE of CO; across all RCPs and so the
fitting has tried to account for any missing feedbacks in the model, as well as the simplicity of formulation of
the carbon cycle used here. As such the significance of the analysis should not be overplayed, but Figure a2
does indicate a behaviour in the emissions feedback required to minimise the implied errors in CO; that is
small at low temperatures and then grows rapidly.

The suggestion of Figure a2 is that an emissions feedback with a functional form that is initially low before
growing rapidly with temperature may improve the emulation of the CMIP5 model atmospheric CO,. However
we acknowledge the use temperature change as a single proxy for climate change in this analysis, but that the
changes in carbon fluxes simulated by the coupled models we are trying to emulate result from changes in the
full climate system (hydrology, radiation, oceanic circulation, etc.). As such our aim here is not the
development of a detailed understanding of the processes behind the carbon cycle behaviour of each model,
but rather the ability to emulate the response of the complex model so that this can be used to examine the
impacts of climate uncertainty in our IAM analysis.

As such we test a number of carbon cycle feedback formulations to try and find a good fit for the CC response
of each CMIP5 model. The simplest of these are a simple linear feedback, and a linear feedback with a
threshold value. We then also test three other different formulation of feedback where parameter
combinations are able to give an overall feedback form which can look broadly the same as a an apparent
threshold followed by a rapidly increasing feedback with temperature. Formally there are:

E'=E No feedback. “std” (4)

E'=E+Ta Linear (5)

E'=E+ (Tsq—a)b Linear + threshold (6)
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E'=E +aT + bT? Quadratic (7)
E' =E + ae®T Exponential (8)
E'=E +aT? Base T (9)

Where E’ is the effective emissions, E is the implied emission from the ESM, T the anomaly to the 100 year
running mean temperature, and a and b are tuneable parameters.

Using the multi model mean of the RMSE of atmospheric CO; as a measure of skill of the carbon cycle, we here
compare the performance of tuned versions of the CC with different formulations of the temperature
feedback. Figure a3 shows the performance of each formulation as well as the multi model mean.

As anticipated the std model formulation is improved by the addition of a linear feedback term, with further
improvements in feedback formulation with more degrees of freedom which are able to represent the pseudo-
threshold behaviour shown in Figure a2. Generally speaking there is little to distinguish between the
performance of the more complex formulations which are able to represent an feedback which is small at low
temperatures but which then grows rapidly at higher temperatures.
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Figure a3: Root mean square error of TIAM atmospheric CO; for different versions of the carbon cycle, each
tuned the CMIP5 models to minimise the RMSE across all RCPs.

Results from the more complex feedback formulations and that for the quadratic formulation are very similar,
so in lieu of any compelling physical argument for using a more complex formulation we will use the quadratic
for the rest of this study. Figure a4 show example CO, output from the quadratic feedback formulation added
to the TIAM CC and tuned to a CMIP5 model.
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Figure a4 CO2 from the RCPs for an example CMIP5 model compared to the appropriately tuned TIAM carbon cycle
with a linear feedback (top) and a linear plus threshold feedback formulation (bottom).

The global carbon cycle is a complex system sensitive to changes in the climate system (hydrology, radiation,
oceanic circulation, etc). In this work we have modified the CC of TIAM with the addition of a temperature
dependant emissions feedback to better reproduce the behaviour of current state of the arts models. To make
the updated model formulation as widely applicable as possible we have then assessed the developments
across a range of forcing scenarios from business as usual (RCP8.5) to ambitious mitigation (RCP2.6). The aim
being that we can now implement the changes into TIAM and examine the impact of uncertainties in the
carbon cycle onto the costs and feasibility of different SWL.

The quadratic formulation is the simplest solution here which has comparable results to more complex
formulations and feasible to implement in TIAM. At moderate temperature increases this is consistent with
previous work (Freidlingstein et al 2006, Allen et al 2009). In order to suggest an upper and lower model tuning
set to examine in TIAM a measure is need to distinguish between model on the basis of the effect of the CC
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on atmospheric CO; as this will ultimately have a direct bearing on climate change. From the implied emissions
of the RCP simulation the integrated airborne fraction (ABF) of FFI CO; emissions can be determined by the
ratio of the change in total carbon content of the atmosphere to the integrated implied emissions (as per Jones
et al 2013). This is a measure of the integrated ability of the CC to remove emissions from the atmosphere and
thereby act as a buffer against increases in atmospheric CO,, with a higher ABF indicating a lower drawn down
of carbon from the atmosphere. Projections from CMIP5 have previously been shown to indicate an increase
in ABF with warming and indeed recent studies have claimed a small but measurable upward trend is now
detectable in the observations (Canadell et al. 2007; Le Quere et al. 2009). As such the ABF is a useful measure
with which to choose models with higher or lower level of drawn down of CO; from the atmosphere.

Figure a5 shows the RMSE for CO, from the TIAM CC with a quadratic feedback formulation as a function of
the integrated 2005-2100 ABF for RCP8.5. Based on these finding we choose a result a high and a low ABF
model to sample the sensitivity of different carbon cycles strengths in TIAM. At the high end the CESM and the
two MIROC models are all high values with relatively low CO; RMSE in tests against the RCPs. At the low end
the three IPSL models and HadGEM2-CC have relatively low CO, RMSE and have the lowest ABF. While any of
these should suffice as a sensitivity test we note that the IPSL variant IPSL-CM5A-LR and the MIROC-ESM have
both also provided data to CMIP5 for the emission driven run of RCP. The modelled CO, output for these two
simulations are shown in Figure a6, and given the good performance of this pseudo independent test case we
proceed with these two models as out sensitivity cases.

RCP8.5 airborne fraction and CO, RMSE
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CO; from the TIAM carbon cycle model, tuned to each CMIP5 model across all RCPs, with a quadratic
feedback formulation in temperature anomaly relative to the running 100 year mean.
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Figure a6 model output for the emissions driven esmRCP8.5 for the high and low ABF models to be used for
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While hard to physically justify, there is an argument that the feedback is related to the timescales over which
anomalous sources and sinks re-equilibrate. Here we have assumed 100 years following Allen et al 2009, but
it is conceivable that this timescale differs across the CMIP5 models and so future examination of this time
scale may further improve the model performance.

We have also not looked to adjust the carbon pool size for each CMIP5 model. The atmospheric CO;is
common in each as the RCPs are prescribed concentration runs however the deep ocean pool and the land +
upper ocean carbon content may differ across models. Using data from Jones et al 2013 we have determined
the land surface carbon and investigated using the present day values of this (1986-2005 mean) to scale the
upper ocean + land surface pool in TIAM to try and further refine he performance of the CC. The effect of
this additional level of complexity to the CC tuning did not consistently improve the performance of each
model (not shown) and the impact on the multi model mean RMSE was only a few percent. Given the small
impact this had and the inability to directly estimate the TIAM carbon pool values from the CMIP5 data we
feel little is to be gained by varying initial carbon pool size in the CC formulation of TIAM. While the current
study is concerned with emulating the leading order state dependence on carbon cycle feedbacks across a
range of forcing scenarios, the level of complexity implement here will suffice.

The main limitation of our study is that we use temperature change as a proxy for climate change, but the
changes in carbon fluxes in the CMIP5 model (and reality) obviously result from changes in the full climate
system (hydrology, radiation, oceanic circulation, etc.) and so other dependencies of the CC of climate are
both possible and likely. A key one of these is the role of CO, fertilisation on carbon drawn down. Gregory et
al 2009 and others have shown that CO; fertilization increase drawdown in the near term in warming scenarios
before a decrease as a result of the impact of elevated temperatures on the carbon cycle. As such, a there is
scope for including a fertilization component into the transport coefficient ¥,., (similar to the recent approach
of Miller et al 2016) which would may further improve the CC model performance in a more aggressive
mitigation pathways. In effect the temperature feedback used here, by its quadratic form, only becomes
significant at temperatures and CO; levels where the temperatures feedback in thought to dominate the
fertilization effect. This balance of fertilisation and temperature feedback is implicit in the tuning approach to
CMIP5 data.

Finally we also understand that this analysis neglects some of the nonlinear aspects of the climate — carbon
cycle feedback however this study it provides a valuable starting point for characterizing the different CC
responses of CMIP5 models in TIAM.
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