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EXECUTIVE SUMMARY

SCCM - the Simple Carbon-Climate Model — is a deterministic model for the globally
averaged carbon cycle and climate system. It comprises representations of the carbon,
methane, nitrous oxide and other long-lived greenhouse gas mass balances in the Earth system
and for the evolution of the global mean near-surface air temperature. The model is designed
for when broad scale information about the carbon-climate system is needed within other
applications, for example climate change policy analysis or integrated assessment. This report
documents updates to the formulation, calibration and operation of SCCM for version SCCM7
and presents some initial, broad scale, results.

1 INTRODUCTION

The Simple Carbon-Climate model (SCCM) (Harman et al. 2011; Raupach et al. 2011a,b) is a
member of the set of highly simplified one-dimensional energy and mass balance models for
the Earth System (e.g. Wigley 1991; Joos et al. 1996; Good et al. 2011; Meinshausen et al.
2011a,b). It seeks to capture the robust long-term dynamics of the coupled carbon cycle and
climate system at a globally integrated level and in a simple form. As carbon is not the only
driver of the global climate system additional components such as atmospheric methane,
nitrous oxide and aerosols are also included. By maintaining the simplicity of formulation of
the model, the unavoidable uncertainties associated with complex systems can more easily be
analysed, quantified and understood.

A series of developments have been undertaken to SCCM concentrating on extensions to its
flexibility, completeness and calibration. This report concentrates on the scientific basis of the
updated SCCM7 and its modes of operation. The report is structured as follows: In Section 2
we outline the scientific basis and mathematical formulation of the updates to SCCM7. In
Section 3 we document some efforts to calibrate SCCM and consider some projections of
future climate for the IPCC-ARS5 standard scenarios. Section 4 updates how the model is
written and structured, the different configurations available and how it is used. Finally, we
provide a brief summary and tables for the terminology and variables used. For the most part
the contents of this report do not affect how SCCM7 operates within CSIRO’s integrated
assessment model GIAM (Gunasekera et al. 2008; Harman et al. 2008). This report builds on,
and should be read in conjunction with, the earlier technical documentation for SCCM (Harman
etal. 2011).
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Fig. 1  Schematic of the general structure of SCCM (adapted from Harman et al. 2011). Boxes indicate
the state variables, solid lines are fluxes of material and dashed lines influences. Further details
are given in the text. The primary updates to the structure of SCCM described by Harman et al.
(2011) are the partitioning of the atmospheric CO- state variable into two, the addition of the sea-
level rise (SLR) variables and the additional long-lived greenhouse gas state (CFC+) variables.
Not all components are required for every application. Additional components (**CO, and **CO,
cycles) are available or in development.

2 THE SIMPLE CARBON-CLIMATE MODEL (SCCM?7)

The Simple Carbon-Climate Model (SCCM) is a quantitative model for the globally-averaged
carbon cycle and climate system. Its primary aim is to take time series of estimates of
emissions (either anthropogenic or total) of greenhouse gases (GHGs) and calculate the
globally-averaged concentration of these gases, and the resulting changes in global radiative
forcing and near-surface air temperature. Other models in this general category include
MAGIC-C (Wigley 1991; Meinshausen et al. 2011a,b) and the Bern-CC model (Joos et al.
2001).

SCCM calculates the variation with of various state variables in the state vector, x. Typical
state variables include the atmospheric concentration of CO,, other greenhouse gases (GHGS)
and the change in the near-surface air temperature (approximated in SCCM by the change in
the temperature of the oceanic mixed layer given that the ocean heat capacity is many times
greater than that of the atmosphere). Model equations for the evolution of the state vector over

time are written as differential equations (dx/dt =...) and solved numerically.

The model can consider a number of different GHGs (CO,, CH4, N,O and number of other
long-lived GHGs — denoted by CFC+). These can be modelled at the same time or subsets can
be chosen if the application demands this. Figure 1 shows a general linkage diagram for a
standard (GIAM) configuration of SCCM, with boxes indicating state variables, solid lines
fluxes and dashed lines influences. A major advance with SCCM?7 is the extension of the
capability to use observations of radiative forcing (real or synthetic) in place of SCCMs
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endogenously derived values. Hence the temperature component can now be forced with a time
series of radiative forcing, not the endogenous gas concentration time series, and be assessed
independently of the carbon-cycle, chemistry or aerosol parameterisations.

The following sections provide details of the updated and extended formulation of SCCM7.

21 Updates to the Carbon Cycle

SCCM modelled the carbon cycle as the exchange of mass between the three primary active
stocks of carbon in the Earth system — the atmosphere, the mixed layer of the ocean (including
the marine biosphere) and the terrestrial biosphere. The perturbation to the deep ocean stock of
carbon was included in order to satisfy conservation, as was a connection between the carbon
dioxide and methane cycles. Simple parameterisations of the exchange between the three
stocks were used to determine gross features of future projections of the carbon cycle.

The parameterisation of the carbon-cycle within SCCM?7 is largely unchanged from that of
SCCM4. Developments, still ongoing, of the representation of the cycles of the carbon isotopes
(the **CO, and **CO, cycles) has required one minor update to the parameterisation of the main
carbon cycle. The perturbation from preindustrial conditions to the atmospheric stock of
carbon (as CO,) is now partitioned into two pools representing ‘tropospheric CO,’ (Crrop) and
‘stratospheric CO,’ (Cstrat) With each stock (in GtC) having separate dynamics. The evolution
of the two pools is modelled as

dCrrop
aE Froz_ross + Fooz_Luc — Foos_as — Fooz_as + Froz_cna + Foowe + Fooz_ st (1)

and

dCqrrar
= —F 2
At Co2_ST (2)

where the fluxes/emissions have the same meaning as in Harman et al. (2011) and are time
dependent. The total perturbation to the stock of atmospheric CO, (CO2) is given by the sum
of the two pools and obeys the same rate equation as that in SCCM4. The additional flux term
in Egs (1) and (2), Fcoz st represents the quantity of carbon exchanged between the pools and is
given by

Crrop feTrar
Froz st= (CSTRAT - m)z’r TTRAT (3)

where fstrat iS fraction of the atmospheric stock of CO, residing in the stratosphere in
preindustrial conditions (i.e. taking a value between 0 and 1) and st IS @ Stratospheric
turnover timescale (of typical magnitude 4 years). As the two stocks represent perturbations to
the preindustrial conditions both are initialised to zero and consequently Fco, sralso represents
a perturbation flux. The sign of Fco, st acts to reduce the differences between the perturbation
stocks Crrop and Cstrat that evolve due to anthropogenic emissions and other perturbations to
the modelled carbon cycle. Surface CO, observations should be compared to Ctrop.
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Within SCCM the atmospheric stock of carbon is converted to a near-surface concentration of
CO,, e.g. for use in calculating the air-sea and air-land fluxes, through a conversion factor

T oz ppmarc™ The value used for this factor applies to whole atmosphere whereas surface

concentrations reflect only the troposphere. Consequently the near-surface concentration of
CO, is adapted to

Yro2_ppmetc™
COZtropppm = COZpreppm + Craor 1= forr (4)
STRAT

where COZ2,,,.npnm IS the preindustrial value for the tropospheric concentration of CO, (in ppm)

_ _l - - - -
and T o ppmatct = 0.4695 ppm GtC™ is the conversion factor. COZrpapppm IS USed in place

of CO2 ., in the parameterisations for the Net Primary Productivity and air-biosphere flux
(Egs 12-20 in Harman et al. 2011) and for the parameterisation of the air-sea flux (Eq 3 in
Harman et al. 2011).

Note that if fsrrat =0 then Egs (1-4) revert to the original parameterisation of the carbon cycle
described in Harman et al. (2011).

2.2 Updates to the Long-Lived Greenhouse Gas Component

SCCM4 included simple representations of the chemical cycles of two, dominant, long-lived
greenhouse gases, CFC-11 and CFC-12. As the international measures to control emissions of
these gases continue, increased attention is being paid to other powerful, long-lived greenhouse
gases. To facilitate analyses of the evolution of these other gases SCCM7 an additional HFC
component has been added which considers up to 7 long-lived GHG. (Nominally these gases
are CFC-11, CFC-12, HCFC-22, HFC-23, HFC134a, SF6 and PFC-14 with the latter 5 gases
explicitly covered by the integrated assessment model GIAM — Harman et al. 2008). For each
gas its chemistry and its radiative impacts are characterised by a single lifetime, a single
preindustrial value and a single radiative efficiency and, hence, the seven gases can be
interchanged with any other gas which has these attributes'. The quantity of these gases in the
atmosphere evolves according to the rate equation

dXpre dAX dAX AX + Xy
t = =R (5)

dt dt dt Ty
where X,.. denotes the preindustrial atmospheric quantity of the gas (usually in kt and usually
0), AX is the perturbation to the quantity of gas (in the same units as X,,.), Fx represents the

total emissions of gas X including natural, perturbations to natural and anthropogenic sources,
and Ty is the lifetime of gas X in the atmosphere (dictated by chemical or photo-chemical
processes). If X,.. # 0 then this implies that there must be a non-zero natural source of gas X

(e.g. for PFC-14)

For each gas, the contribution to the total radiative forcing is given by

L Within the code CFC-11 and CFC-12 in the new HFC model are denoted dCFC-11 and dCFC-12 to
avoid confusion.
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RFy = Tutx T pprke— (Xpre + AX) (6)

where Ty ppiie—2 IS @ conversion factor from (usually) kt of gas to ppt, and r.gx is the radiative
efficiency of the gas X (in corresponding units of Wm™ppt™).

As per Harman et al. (2011), both ‘total’ and ‘perturbation’ options are included for the
representation of the chemistry of gas X. However all long-lived gases considered operate with
same option in each simulation. Similarly the radiative forcing due to the long-lived gases can
be included or neglected in the temperature component of the SCCM through the use of the
parameter set s¢; (Eq 40 in Harman et al. 2011). Again, however, the radiative forcing from

either all or none of the long-lived GHGs considered can be included. Partial inclusion can be
facilitated by running SCCM multiple times with different gases active.

2.3 Extension to include Sea-Level Rise

Global sea-level rise (SLR) is one of the important metrics of climate change — from both a
biophysical and policy perspectives (IPCC 2013). Changes to sea-levels are comprised of
several factors with the two important components being expansion/contraction of the ocean
water due to changes in density (i.e. due to changes in temperature and/or salinity) and changes
in the volume of water in the oceans resulting from changes in storages in land, ice sheets,
glaciers and the atmosphere. The former impacts are well-understood though spatially and
temporally variable and linked to changes in the ocean circulations. The latter impacts are less
well understood with the primary source of uncertainty arising from uncertainties in ice-sheet
dynamics (e.g. Church et al. 2009; IPCC 2013).

Three representations for sea-level rise are included within SCCM7 — each has their own
attributes, strengths and weaknesses. The first option, slrmodelchoice="accc’, parameterises
global sea-level rise through the use of a 2-term impulse response function based on globally-
averaged radiative forcing, RF. This response function was used in 2002 for the default cases
in the UNFCCC Assessment of Contributions to Climate Change (ACCC) (den Elzen et al.
2002). The impulse response function was fitted to the 950 year, thermal expansion run of the
HadCM3 Earth System model. Specifically, the integral form

SLR., (° . . ,
SLR(t) = — j RF(t)Rsz(t—t')dr (7)
eq 0

is converted to AR1 form (Wigley 1991, Enting 2007)

dSLR; SLR.

dt  RE,

RF(t) aspp; — ®gp: SIR;  i=1,2 (8)

with SLR=SLR; +SLR;, SLR.; = 47395 m and RF.; =7.0 Wm being the equilibrium sea-level

rise and radiative forcing at 4x preindustrial CO, concentrations. The coefficients of the
response function are a;=0.96677, a,=0.03323, 1,=1700.2y, 1,=33.788y (den Elzen et al.
2002). This option is well calibrated against a long data set however any weaknesses in the
HadCM3 ocean or, particularly, ice sheet models inevitably feed into this option through the
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calibration of the response function (i.e. not all contributions to sea-level rise are necessarily
included).

The second option, slrmodelchoice="vermeer’, parameterises SLR via a single rate equation
based on globally-averaged near-surface temperature and its rate of change (Vermeer and
Rahmstorf 2009, 2010). It has been calibrated using observations of sea-level rise and
temperature during the period 1880-2000. The rate equation for SLR takes the form

dSLR dT

= a(T — Tpe) + b = (9)

with a=0.0056 mK™y™, b=-0.049 mK™ and T,. the preindustrial global mean near-surface
temperature. As this option is based around observations it includes all contributions to sea-
level rise however the relatively short and sparse data record available does imply that
components of the Earth system that will become active in the longer term (but have yet to be
s0) are not captured in the calibration and statistical uncertainty in the coefficients a and b will
be noticeable.

The third option, slrmodelchoice=’jevrejeva’, parameterises SLR via a single rate equation
based on globally-averaged radiative forcing (Jevejeva et al. 2012). The rate equation is

dSLR
e (SLR., — SLR)/Tg5 (10)

with
SLR., =aRF+ b (11)

and because the derivative depends on SLR itself we cannot assume the pre-industrial sea-level
rise SLRye=0 m. Here SLR, is the equilibrium sea-level rise as a function of current radiative
forcing and T4 5 is a sea-level response time scale. Jevrejeva et al. (2012) give only probability
density functions for the parameters, not best values, but the median values for one of their
three reconstructions (GRT_2005) are 755 =99y, a=0.3 mW'm?, b=0.3 m, SLR,.=-0.4 m
(however, being median values from the pdfs, they may not be a consistent parameter set).
Without consistent parameter sets we are reluctant to recommend this option. This option is
also based on observations therefore also includes all contributions to sea-level rise and the
same comments around uncertainty made above also apply.

The Vermeer and Rahmstorf (2009) and Jevrejeva et al. (2012) options differ in their inclusion
of the effect of water stored on land. Vermeer and Rahmstorf (2009) included reservoir
construction but not the potentially cancelling effects of groundwater mining and urbanisation,
while Jevrejeva et al. (2012) included no land contributions. Finally we specifically note that
simple models for sea-level rise tuned on past sea-level rise give future sea-level rise (up to) 3
times bigger than in the IPCC model projections (Grinsted et al. 2010 — see Section 3).
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2.4 Extension to operate in Carbon Dioxide-equivalent Mode

Figure 1 illustrates the coupled nature of many of the components of SCCM, particularly the
carbon cycle and temperature components. Calibration/validation of SCCM7 and its sub-
components is then complicated as weaknesses and/or errors in one component of the model
can manifest in other components and lead to an incorrect assessment because of compensating
errors. SCCM4 permitted the use of observations of atmospheric constituents and temperature,
in place of the endogenous quantities, to drive other components of SCCM, which assists with
this issue. However, SCCM4 also parameterised the radiative forcing due to aerosols in terms
of the emissions of fossil fuels. This link, uncertain in the past and more so in the future,
prevents the complete separation of the carbon cycle and the temperature components from the
emissions, or from each other. This separation is important if we wish to use output from
General Circulations Models (GCMs) or Earth System Models (ESMs), driven by radiative
forcing time series, as part of the calibration/validation process in our efforts to ensure that
SCCM replicates the behaviour of the more complex Earth System models.

SCCMY7 has been extended, in part to address this issue, and can now accept time series of
radiative forcing to be used to force the temperature component — in place of the time series of
CO,, CH,, N,O, the other GHGs and aerosol forcing. The carbon cycle and atmospheric
chemistry do not then impact on the evolution of the temperature. The time series of radiative
forcing is supplied to SCCM7 as a time series of CO,-eq through the option
tempco2choice="co2e’. It is important to ensure that the equations and parameter values used
to generate the, now exogenous, CO,-eq time series match those used within SCCM used to
convert between CO, and radiative forcing (Eq 35 in Harman et al. 2011).

2.5 Extension to include Parameter Estimation via PEST

SCCM4 included the genetic algorithm code from Haupt and Haupt (2004) as an endogenous
method to objectively estimate parameter values for SCCM. We now also use SCCM with the
Levenberg-Marquardt package PEST (Doherty et al. - http://www.pesthomepage.org) as a
second objective method to optimise parameter values and the associated uncertainty. SCCM
writes out model variables corresponding to the calibration observations in a format suitable for
PEST. In addition to instantaneous values of model variables, we also allow the use of
averages over time, as well as model variables convolved with a Greens function from a model
of firn diffusion and bubble trapping (Trudinger et al. 2013), to allow SCCM output
(atmospheric concentrations in particular) to be smoothed in a way similar to ice core
measurements (Trudinger et al. 2003).

The Simple Carbon-Climate Model: SCCM7 Technical Documentation 7
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3 CALIBRATING SCCM7 TEMPERATURE COMPONENT

SCCM is founded on the basic scientific principles of conservation of mass and energy;
however, it does not include representations of the many physical processes acting within the
climate system. Instead SCCM can be considered to be a collection of statistical relationships
or parameterisations designed to capture the outcomes of those processes at the global scale.
The various components of SCCM must, therefore, be carefully calibrated against observations
and other modelling approaches where the relevant physical processes are directly (and
correctly) represented. In this section we outline the methodology used to calibrate the
temperature response function against more complex models of the climate system, specifically
the suite of General Circulation Models (GCMs) and Earth System Models (ESMs) involved in
the 5th Coupled Models Inter-comparison Project (CMIP5) (Taylor et al. 2012). This suite of
models represents the current state of knowledge and best practice in climate modelling as of
2012-2013. Other, more in depth, analyses of the CMIP5 including the possible representation
of the complex GCMs and ESMs by simpler models have been reported (e.g. Bodman et al.
2013; Good et al. 2011, 2013; Joos et al. 2013). However given the unique formulation and
roles SCCM fulfils it remains important that such a calibration exercise is undertaken specific
to SCCM.

3.1 Temperature Component of SCCM

The temperature component of SCCM provides information about changes to the globally and
annually averaged temperature of the mixed layer of the ocean (in K) given a time series of
radiative forcing (in Wm?) (Harman et al. 2011). This temperature is used within the
remainder of SCCM as a proxy for the globally and annually averaged near-surface air
temperature, the commonly used metric in many analyses of global climate change. The
temperature component is expressed in the AR1-form of a response function (Wigley 1991,
Enting 2007) whereby the change in temperature, AT, is given by the system of linear first
order differential equations

T
AT = Z T; (12)
i=1
where
dT;
d_; = RF(t} Cssrzs Qg 0 — QETE' (13}
subject to

iai =1 (14)

i=1

where RF(t) is the prescribed scenario for the globally averaged radiative forcing. The
coefficients a; (partitions) and «; (inverse time scales) define the temporal characteristics of
the response function and the parameter ... quantifies the overall magnitude of the
temperature response to a change in radiative forcing.

8 The Simple Carbon-Climate Model: SCCM7 Technical Documentation



Calibrating SCCM then requires the parameters (..., @; and ; to be determined using
information from GCM simulations. A response function with n=2 or 3 terms has been found
to be sufficient to represent most GCMs but there are no technical reasons why additional terms
cannot be included. Once calibrated SCCM will then provide an estimate of the global
temperature trajectory under a given scenario of radiative forcing as would be given by the
basis GCM. However, regional correlations, especially between radiative forcing and climate
change, the difficulties of calibration in the face of climate variability and nonlinearities in the
climate system prevent exact replication. Meinshausen et al. (2011a,b) note that such simple
representations of the climate system inevitably cannot replicate path-dependent features in the
climate system (e.g. tipping points) and that, consequently, different calibrations may be
needed based on the trajectory of radiative forcing.

3.2 Calibration using CMIP5 Model Output

The CMIP5 is a large collaborative project involving many climate scientists, climate change
scientists and climate impact scientists (Taylor et al. 2012). Central to this effort is a co-
ordinated set of climate simulations undertaken by the climate modelling groups and
universities around the globe. For the purposes of calibrating SCCM three key simulations,
undertaken by all groups, are used, namely

A. the preindustrial control simulation (usually many thousands of years long)
B. the abrupt 4x CO, control simulation (usually 150 years long)
C. the 1%-per-year increasing CO, control simulation (usually 140 years long).

The two experimental control simulations (B & C) are used here because, as outlined in more
detail below, these scenarios permit analytical solutions to the equations (12). The analytical
solutions, however, are for the temperature change and not the temperature itself (as given by
the model). Consequently the preindustrial control simulation is needed so that the change in
temperature can be calculated.  Given time series of the globally and annually averaged
temperature change, parameter estimation techniques can then be used to determine the 'best-fit'
parameter values for each of the GCMs considered.

Temperature changes are calculated as the difference between the control simulation and the
preindustrial control. The differences are calculated for every month and on the grid of the
OAGCM before being averaged up to global and annual averages.? The control simulations are
conventionally initialised using fields from the preindustrial control. Consequently only part of
the preindustrial control simulation is used so that it and the control simulation are referenced
to the same zeroth year. This method (in contrast to calculating a long-term climatology from
the preindustrial control and subtracting) ensures that long-term modes of climate variability,
simulated by the OAGCM and locked in via the initial conditions, are not present in the
temperature change values deduced. Algebraically the time series of the temperature change
for each of the control simulations is given by

2 Ideally temperature changes would be calculated on the time step of the model, however output for
these scenarios is only provided as monthly averages.
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ATes(t) = ZZZ wik, 1ty [Tes(h L t) — Tor(k, L tpmsorr)] (15)
k I m

where T.g and Ty; are fields of monthly, GCM grid based near-surface temperature from the
control and preindustrial control simulations respectively. k, | and m are the longitude, latitude
and time indices, OFF gives the time index to ensure a consistent zeroth year and w are the
weightings by surface area and length of month needed to provide the estimate of a true spatial
and temporal average from discretized data.

The time series of radiative forcing applied within for the two control simulations (4x and 1%
denoting control simulations B and C respectively) are

RE,, (t) = { Aﬂ{4} fnﬂ (16)
and
0 £=0
RFyq (1) = { Al (LO1)=Atin(1.01)  t>0 an

where t gives time (in years) from the start of the forcing. The parameter A quantifies the
radiative forcing per unit change in atmospheric CO, and does itself vary between GCMs
(typically taking a value of approximately 5.35 Wm™). For the purposes of the calibration of
SCCM, however, A and (... always appear as product and hence 4 C._,.. is the parameter
which is estimated.

The solutions to (13) given the radiative forcing are

ATa () = A Copnain(4) (1 - Zaie"xir) (18)
i=1
and
n . n a, -
=10 =

The climate sensitivity, AT, is related to A and the response function parameters as
*':"sz =4 Csansln(z} (2{]}

For ease of comparison to other studies further discussion of this parameter will be in terms of
AT,

The parameters in the response function appear in nonlinear combinations within (18) and (19).
Furthermore the solutions cannot be readily transformed into a linear system (in the parameters
or combinations of parameters). Calibration of the response function parameters is therefore
non-trivial and a step-wise process has consequently been implemented as described next.
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In common with many parameter estimation algorithms the objective basis for the calibration is
to find the combination of parameter values which minimises an objective function, J, defined
as the mean of the squares of the differences between the model and a set of ‘observations’.
Suppose we have ... observations of AT from the abrupt 4x CO, control simulation and s
observations from the 1% per year increasing CO, control simulation then J is given by

My

J(P) = nj Z(M .&T‘H(Pr} + an{M,{ ATy (P,t)) (21)

=1

where P =[AC,.581, . Gpo1,8; 1., ant] is the vector of independent parameters.
Calibration is carried out on the time scales, @, and not their reciprocals for numerical
reasons. A search algorithm proceeds as follows

1. An initial, plausible, estimate for P=P, is provided and the initial value of J(Po)
determined.

2. For each parameter, P;, in turn

a. apply positive and negative increments to P;, recalculate J(P;|P-;) and
determine the local slope in J.

b. apply further increments to P; in the direction of reducing J, recalculating J
each time, until J subsequently increases — a local minimum in J{P;|P-;) has
been found.

c. P is updated using the value of P; at the local minimum.

3. Repeat around all the elements of the parameter vector until further reduction in J is
not possible when changing any parameter value. The calibrated value for P = P has
been found.

4. The calibrated value of P is checked for realisability — all parameters need be greater
than zero.

The search algorithm above finds the value for P at a local minimum in J not necessarily at the
global minimum. The variability in the observation (GCM) data implies that multiple local
minima for J are possible. Consequently different initial estimates for P, different ordering of
the searches and different increments may lead to different final solutions. For the purposes of
calibrating SCCM these implementation/algorithm issues are unlikely to be problematic,
especially if adequate uncertainty estimates are calculated, however for some applications of
SCCM (e.g. policy applications where discussions around the climate sensitivity have become
important) further consideration of the details of the calibration will be needed.

The data used encompasses climate variability arising from a range of physical processes, as
represented within the GCM, each with their own inherent times scales. The calibration
attempts to discern the larger, global scale signal given this inherent variability. However, as
with many issues surrounding climate modelling, limited data exists and consequently there is a
strong element of contingency to the eventual results. For example, most of the modelling
groups have performed only one abrupt 4x CO, and one 1% per year control simulation. It is
possible, indeed likely, that if another simulation were undertaken and used to calibrate the
response function a different best fit parameter combination would be determined. This,
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together with the issues around multiple minima in the objective function, the numerical issues
concerning the search algorithm itself and the possibility of correlation between the eventual
parameter values, implies that multiple solutions are possible, each of which is physically
plausible. This issue of equifinality of the parameter vector is inherent in nearly all cases when
data from complex models are used to calibrate simpler models, not solely within the climate
arena. Consequently, if for no other reason, it is important to quantify the uncertainty around
the ‘best-fit’ parameter vector determined.

As a formal parameter estimation technique (e.g. PEST or the GA) has not been used, formal
error estimates are not easily determined. Instead estimates of the uncertainties around P have
been quantified using an ensemble of partial samples. 50 subsamples of size 24° were taken
randomly from the available GCM data and used to determine additional estimates of the
response function parameters. Error estimates (around the central estimate for parameter
values obtained using all data) are then provided from the covariance matrix of the resultant
ensemble and the impact of parameter uncertainty can be propagated through SCCM, via
Monte-Carlo simulation, to assess the impact on projections of temperature, sea level rise and
other important state variables.

3.3 Exemplar SCCM7 Temperature Component Calibrations

CMIP5 comprises a large range of modelling groups and individual Earth System and General
Circulation models. We illustrate the calibration technique by considering 6 of these models in
some detail; the performance against 27 models (all that had reported sufficient results to carry
out the calibration by 10/2012) is shown in Appendix B. The 6 models considered are
ACCESSI1.3 (CAWCR’s flagship Earth System Model — Bi et al. 2013; Dix et al. 2013)
together with 5 models which undertook at least 3 simulations for three of the Representative
Concentration Pathways (RCPs), specifically RCP3PD, RCP4.5 and RCP8.5 — see van Vuuren
et al. (2011a) and Taylor et al. (2012).

Figure 2 shows the GCM data (crosses) and fitted SCCM7 three-term calibrations for each of
the 6 models. Also shown are the parameter values and value for J for the central estimate. For
all of these GCMs the calibration successfully manages to reproduce the magnitude and timing
of temperatures changes (although this is not universal — see Fig. 6). For two of the models —
ACCESS1.3 and CanESM2 — two of the three terms identified possessed identical timescales
(and which were near-equal to one of the timescales identified using a two-calibration).
Consequently the two identical terms have been combined. While separate timescales have
been identified through the calibration these should not be identified with specific physical
processes without further careful consideration (Li et al. 2009). There is a tendency for the
calibration to systematically underestimate the temperature change from the abrupt 4xCO,
control simulation but underestimate the temperature change from the 1%-per-year increasing
CO, control simulation (most evident in the MIROCS5 calibration). From the information
present in the data it is not possible to identify the cause of this tendency — though a nonlinear
process(es), such as change in the stratification of the ocean, is (are) the obvious candidate(s).

% with no repetition within each subsample: As only 6 independent data are required to quantify the
parameters in the response function this subsample of data still provides adequate redundancy for the
least squares estimation method.
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Fig.2 Exemplar 3 term SCCM temperature component parameter calibrations for 6 GCMs/ESMs. Red
lines and associated crosses relate to the abrupt 4xCO2 control simulation; blue lines and
associated crosses relate to the 1%-per-year increasing CO2 control simulation. The thin lines
give the SCCM projections for each of the 50 member ensemble used to generate uncertainty
estimates. The solid thick line gives the central projection obtained by calibration against all
data. The dashed line gives an alternate central projection obtained by calibration against all
data but using a different numerical search algorithm. The numerical values of the central
estimate for the SCCM parameters are given in the bottom right of each panel together with the
corresponding value for J. For some GCMs the 2-term and 3-term calibrations give identical
results.

The ensemble of estimates allows an assessment of the uncertainty in the estimated parameters.
These are ensemble (and model) specific however typical values of the standard deviations of
the parameters are: 0.1 K around AT,.,; 0.1 around a;; 2y around ay; 7y around w,; and 10y
around 3. There are two important consequences of these uncertainty estimates. First, the
differences in AT, between GCMs are larger than the standard deviation indicating systematic
differences in the overall magnitude of response between different GCMs (not solely in timing
and climate variability). Second, as the uncertainty of the shorter time scales (@; and w5)
approaches or exceeds that of the central parameter estimate these parameters estimates are
distributed in a non-Gaussian manner (with consequent impacts on interpretation and statistical
inference).

The different parameters in the SCCM?7 calibration are constrained by both the GCM data and
the functional forms of the expected responses. We therefore expect some interdependence in
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the parameter estimates determined. The correlation coefficient r? between the 6 parameters
quantifies such interdependence. Equation 22 gives an example correlation coefficient matrix
calculated for the calibrations to the MPI-ESM-LR model, with the parameters ordered as
indicated at the right side. For example the correlation coefficient between AT,.. and @y is
calculated as -0.27 which indicates that those estimated parameter sets with a larger than
average value for AT, also (tend) to have a smaller than average estimate for ;.

1.00 -0.10 -0.20 -0.27 —-0.04 0.67 AT,

r2(P) = I —| —020 -0.89 100 —0.11 004 009 | a, (22)
var(P var(B) | _p27 027 —041 100 —-034 —021 | ey

—0.04 0.13 004 -—-034 100 021 | oo
0.67 —-0.11 009 -0.21 0.21 1.004 g

There are two features of particular note in this correlation matrix and which are also shown by
the correlation matrices for all examined models. Firstly, many of these coefficient values
would be deemed significantly different to zero statistically if they had been determined from a
truly independent sample®. The potential for the same GCM data to be used within different
ensemble members implies that the sample is not independent - nevertheless this does illustrate
that the parameters in these calibrations cannot be assumed independent of each other. Second,
the largest correlation coefficient occurs between AT,. and a3 the longest time scale in the
calibration. Importantly, this implies that those estimated parameter sets with higher values of
oy also have higher values of AT,... To illustrate this feature of the calibration Fig. 2 also
shows results of a calibration using a related, but different, numerical algorithm to determine
the central estimate of the parameters values (dashed lines - specifically the search order and
starting point differed). This second search algorithm tends to identify (unrealistically) long
response time scales (of multiple centuries) in the GCM data but with a larger (by
approximately 5%) value for J. The subsequent differences in the fits are, however, not easily
discerned in the Figure. However, accompanying the longer timescales were (deduced) values
for the climate sensitivity approximately 25% larger than those given in Fig. 2 — clearly
important for climate policy discussions.

If we accept that GCMs cannot realistically be expected to demonstrate responses with time
scales longer than the length of simulation then we also have reason to expect that the longest
time scales identified by the calibration will be underestimates of the true responses of the
GCM. Hence we should also postulate that the values of the climate sensitivity appropriate to
each of the GCMs obtained through the calibration exercise are underestimates (and hence
underestimates for that of the climate system itself). Experience using longer run simulations
(Li and Jarvis 2009; Harman et al. 2011) confirms this tendency towards the identification of
longer time scales with longer simulations. (See also review papers by Knutti and Hegerl
(2008) and Rohling et al. (2012) for insights on this topic from modelling and paleo-
observation perspectives). For these reasons (systematic correlation and length of simulation)
we do not analyse the distributions of the estimated parameter sets further.

* With a null hypothesis that the correlation coefficient is zero, a two-sided test and an independent
sample of size 50, the critical values which the (absolute value of the) correlation coefficient needs to
exceed for the null hypothesis to rejected are 0.2787 at the 5% level and 0.361 at the 1% level. The
corresponding values with a one-sided are 0.2353 at the 5% level, 0.3281 at the 1% level and 0.4267 at
the 0.1% level (critical values from Table 13 of Lindley and Scott, 1996)
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3.4

Simulations of the Representative Concentration
Pathways

Any calibration of a model requires additional testing to confirm that the appropriate parameter
values have been identified. This is particularly important if equifinality is an issue as is the
case for SCCM7. In order to test the calibration of SCCM7 additional projections have been
undertaken of the full ensemble of parameter sets for the 4 Representative Concentration
Pathways (RCPs). Given the importance of the full suite of greenhouse gases and aerosols in
determining the net radiative forcing of the climate the SCCM simulations were undertaken
using the CO,-eq facility in SCCM7. The CO,-eq time series used to force SCCM were those
accompanying the RCPs, i.e. determined by Meinshausen et al. (2011c) using MAGICC-6.

Fig. 3

AT (K)

AT (K)

AT (K)

6

I
ACCESS1.3

1950

year

2000

2050

AT (K)

I
CanESM2

A 0O

| | |

1950 2000 2050 2100
year

-1
1850 1900

AT (K)

6
IPSbCM5A¢R
57

1900

1950

year

2000

|
2050

1 |
1850 1900 1950 2000 2050 2100
year

year

T T 6 [ T
MIROC-5 MPI-ESM-LR
fs — 5 -
4
< 3
a2
1L
0 fuc:
| | 1 | J A e | |
1900 1950 2000 2050 2100 1850 1900 1950 2000 2050 2100

year

Comparison of SCCM7 projections against full GCM simulations for the available RCP scenarios.
Light coloured bands give the range spanned by the SCCM calibration ensemble, darker

coloured lines give the projection using the central calibration.

Dots give projections from the

GCMs themselves - noting that for GCMs other than ACCESS13 the ensemble average of 3-6
simulations is shown (see text). Green, blue, magenta and red refer to the RCP3PD, RCP4.5,
RCP6 and RCP8.5 scenarios respectively. Black refers to the pre-2006 ‘historical’ scenario
which is common to the four RCP scenarios. All simulations are referred to the average over the
period 1970-1999 (indicated by the shaded box).

Figure 3 shows a comparison between the SCCM7 projections, for each of the 6 models
considered in Section 3.3 and for the four RCPs, together with data directly from each of the
ESMs and GCMs (where available). For the ACCESS1.3 model the data shown are from one
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simulation only; for the other models the ensemble average across the 3-6 simulations carried
out is shown. Consequently the GCM data shown from the ACCESS1.3 data are much noisier
than from other models.

Overall the performance of SCCM7 to replicate the output of the more complex GCMs is poor.
For most of the models and scenarios biases of up to 0.5 K are present and (not shown) these
are sufficient to take the SCCM7 projection outside the GCM ensemble. If representative, this
degree of inaccuracy would be prohibitive to the use of SCCM7. However a number of factors
mitigate this interpretation.

First, while in error, the relative positioning of the 4 RCPs within each scenario set and
between the models does reflect that of the GCMs. Second, at least for ACCESS1.3, a
significant fraction of the apparent bias can be accounted for through the choice of reference
period of 1970-1999. A difference choice of reference period, with a different offset applied
uniformly across the simulations, would produce much better agreement. Third, the errors are
not necessarily consistent throughout the simulations. For example the match to the CanESM2
model is unbiased during the historical period but notably poor for the future projections.
Consistent errors would be expected if an incorrect value for a parameter or parameters were
the cause. Fourth there are features in the GCM data which are not evident in the time series of
CO,-eq used to force SCCM. In particular the discontinuity in the slope of the RCP8.5
temperature scenario at 2085 from 5 of the GCMs is neither evident in the CO,-eq time series
used, nor evident in the initial RCP time series of the concentration/emissions of the forcing
agents which go into the CO,-eq time series, as would be expected. Finally, the apparent errors
in the SCCM7 projections lie outside the envelope due to choice of parameter sets (this
envelope includes the additional set obtained using the different numerical algorithm).

Together these results suggest that the effective CO,-eq time series generated by the radiation
transfer components of these GCMs differs to that used to force SCCM7 (in effect that
determined by MAGICC-6) due to differences in the suite of forcing agents considered (e.g. the
ACCESS simulations neglected historical stratospheric volcanic aerosol, Dix et al. 2013, unlike
MAGICC) and their representation within the GCMs, the impact of averaging forcing and
response to regional specific, short-lived agents (aerosols in the main e.g. Lamarque et al.
2013) and/or differences in the radiative transfer calculations themselves. It could also be that
the response function form of SCCM?7 is insufficient to capture the (path dependent) response
of these GCMs (e.g. Meinshausen et al. 2011a, b). Unfortunately it is extremely difficult to
generate radiative forcing time series from standard GCM output as the radiative transfer
concept assumes that the troposphere, oceans and land are held constant (Forster et al. 2007;
IPCC 2013) which is not the case in reality nor within the GCM simulations (see also Appendix
C). It is also important to note that a successful calibration against GCM data may not
necessarily imply that SCCM7 (or any simple model) will necessarily apply for other scenarios
(see Good et al. 2011 for an extensive discussions and references).
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Projections of the globally-averaged near surface temperature change for each of the four RCP
scenarios calculated from the calibrated SCCM7. Thin grey lines show the SCCM projections
using the central parameter set for each of the 27 calibrations available. Crosses give the
reconstructed observations from Jones et al. (2009). All scenarios and observations referenced
to the mean over 1970-1999 (shaded box). The four scenarios deviate in 2006 as indicated by
the vertical dotted line.
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Projections of the globally-averaged change in sea level for each of the four RCP scenarios
calculated from the calibrated SCCM7. Thin grey lines show the SCCM projections for each of
the 27 calibrations available using the ‘vermeer parameterisation. Black lines give the
projections using the ‘accc’ (solid) and ‘jevrejeva’ (dashed) parameterisations which are
independent of temperature (and hence calibration). Crosses give reconstructed observations
from Church et al. (2011). All scenarios and observations referenced to the mean over 1970-
1999 (shaded box). The four scenarios deviate in 2006 as indicated by the vertical dotted line.
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Table 1 Comparison between the range in SCCM7 originating from the calibration against different ESMs
and GCMs and the Iikely4 range given by the IPCC-AR5 (2013). Differences in globally-
averaged near surface temperature (in K) and sea level rise (in m) are determined for the period
2081-2100 relative to 1986-2005. SCCM ranges are given as the minimum-maximum over the
27 member ensemble. SCCM sea level rise ranges are determined using the ‘vermeer’
parameterisation in conjunction with the SCCM temperature projections. The projections for sea
level rise using the ‘jevrejeva’ parameterisation lie towards the lower end of these ranges; the
projections using the ‘accc’ parameterisation are approximately 50% of the minimum value
quoted (see Fig. 5).

Scenario | SCCM7AT  IPCC-AR5 AT | SCCM7SLR  IPCC-ARS SLR
RCP3PD 0.5-1.2 0.3-1.7 0.45-0.89 0.26-0.55
RCP4.5 1.1-2.3 1.1-2.6 0.54-1.04 0.32-0.63
RCP6 1.4-2.8 1.4-3.1 0.53-1.02 0.33-0.63
RCP8.5 23-4.4 2.6-4.8 0.67-1.26 0.45-0.82

Notwithstanding the above concerns about the performance of the calibration of SCCM7 the
ensemble of calibrations can be used to propagate (quickly) the uncertainty due to GCM
representation for each of the RCP scenarios. Figures 4 and 5 illustrate the spread in SCCM7
results for the change in globally-averaged temperature and sea level rise, for each of the RCP
scenarios, respectively. For the historical period the SCCM envelope is compact (0.1 K) and
captures the magnitude and timing of the observed changes in temperature (Jones et al. 2009).
In contrast, the SCCM7 envelope for sea level rise (generated through the use of the ‘vermeer’
parameterisation with the SLR parameters taking values as stated above i.e. without
recalibration) underestimates the observed changes (Church et al. 2009). Sea level rise
obtained through the (temperature independent, calibrated against observations) ‘jevrejeva’
parameterisation slightly overestimates the observed changes, whereas that obtained through
the (calibrated against models) ‘accc’ parameterisation significantly underestimates the
observed changes. This tendency is in agreement with the observation of Grinsted et al. (2010)
that sea level rise parameterisations calibrated against GCM or process based models tend to
underestimate (by a factor of 2-3) the changes when compared to those calibrated against
observations.

The SCCM projections of temperature change and sea level rise into the future reflect the
underpinning scenario, the basis GCM and the issues noted previously. Table 1 provides a
guantitative comparison between the range (due to calibration against a suite of GCMSs) from
SCCM7 and the likely’ range determined by the IPCC-AR5 (2013) analysis of the GCM
simulations for the 4 RCP scenarios. A definitive comparison is not possible as the GCMs, in
effect, participating in the comparison need not be the same, nor is the detail of the GCM
distribution (from which the IPCC-AR5 quotes) available.

SCCM7 successfully positions the projections for both temperature change and sea level rise
for the different RCP scenarios with respect to each other (in order of magnitude and in
comparison to the IPCC ranges). The temperature projections from SCCM7 underestimate the
upper end of the likely range from the IPCC-AR5 (see also Fig. 3 and the accompanying

® The term likely is used within the IPCC setting to denote a 66-100% probability that the true value lies
within the range quoted.
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discussion). In contrast, the sea level rise projections from SCCM7 using the parameterisations
based on observations (‘vermeer’ and ‘jevrejeva’) overestimate both the lower and upper values
for the likely changes. This is, again, consistent with the difference between observation and
model based estimates of sea level rise noted by Grinsted et al. (2010). The possibility of
larger values for sea level rise is noted by the IPCC-ARS5 (2013) but there is a low confidence
and lack of scientific consensus around these higher estimates.

To conclude this section, the temperature calibration technique introduced in Sections 3.1 and
3.2 has been used to quantify the parameters in the temperature response component of SCCM7
against that of 27 GCMs participating in the CMIP5 (Taylor et al. 2012). The calibration
illustrates the issues of equifinality in the values of the parameter set obtained (multiple sets of
parameter values result in SCCM7 simulations that have similar degrees of an objective
measure of success) and the significant correlation of parameter values within the set. SCCM7
is then able to reproduce the main features, magnitudes and approximate uncertainty ranges of
the temperature and sea level responses when forced by the four Representative Concentration
Pathways in comparison to the IPCC-AR5 analyses. There are systematic differences in the
response of SCCM7, in particular an underestimate of the temperature response and an
overestimate of sea level rise. These issues can be traced to likely differences in forcing,
irreducible uncertainty to the parameter calibration and understood characteristics of the
different parameterisation schemes, hence are deemed insufficient to warrant the effort of
further investigation at this time.

4 CONCLUSIONS

SCCM s a deterministic model for the globally-averaged carbon cycle and climate system. It
comprises representations of the mass balances for the major forcing agents of the Earth’s
climate together with an energy balance of the Earth system. This report introduces several
extensions to SCCM, developing on the previous version described by Harman et al. (2011) and
Raupach et al. (2011a). The basis and mathematical formulation for extensions to the carbon
cycle representation in SCCM are given alongside those for new components for sea level rise
and additional long-lived greenhouse gases. SCCM?7 can also be forced by time series of
radiative forcing as CO,-equivalent concentration and run within parameter and uncertainty
estimation software PEST.

SCCM - like all (simple) models of the Earth System — requires careful calibration and
validation against observations and other, more complex, process-based models. The control
experiments from the CMIP5 (Taylor et al. 2012) together with the CO2-eq capability in
SCCM7 have been successfully used to provide a) and ensemble of parameter sets for the
temperature component of SCCM7 aimed at replicating the CMIP5 GCM suite, b) ensembles of
parameter sets for each of these models, recognising that the climate variability simulated by
the GCMs will manifest itself as uncertainty in the fitted parameters, and c) ensembles of
projections to validate SCCM7 against the CMIP5 models for the 4 RCP scenarios (van Vuuren
et al. 2011a). The resulting ensembles of simulations demonstrate i) that multiple combinations
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of parameters exist for each GCM (equifinality) and that there is significant correlation
between the individual parameters and ii) the simple structure of SCCM does not prevent the
generation of a wide range of projections into the future, indeed the range is comparable to that
generated by the more complex ESMs and GCMs.

There are several insights which the ensembles of parameter sets and simulations provide —
both into the performance of SCCM, the use of simple models and the wider climate system.
The issue of equifinality of the calibrated parameter sets is important as it demonstrates the
difficulty of separating change and variability within the climate system. The associated
significant correlations between parameter values also then illustrates the ease with which
incorrect inference can be made if climate variability (and associated statistics) is not
accounted for. One particularly important (positive) correlation identified occurs (in SCCM)
between the longer time scales in the dataset used to calibrate SCCM and the climate
sensitivity. This implies that it is necessary to use long datasets (climate simulations,
observations, proxy observations or combinations thereof) to quantify the climate sensitivity (or
to calibrate models that use this concept such as SCCM) as the shorter datasets will not
adequately resolve the longer time scales and hence underestimate the climate sensitivity.

The performance of the calibrated SCCM7 against the CMIP5 simulations of the RCP scenarios
is best described as mixed. SCCM7 is able to correctly position the four scenarios relative to
each other. SCCMY7 is also able to propagate a reasonable measure of the uncertainty due to the
GCM ensemble. There are, however, some systematic biases between the SCCM7 ensemble
and the CMIP5 models — with temperature change underestimated and sea level rise
overestimated across the four scenarios. The former issue can be explained if we accept that the
radiative forcing generated by the CMIP5 differed, e.g. through a different treatment of
aerosols, to that used to force SCCMY7 in these simulations. The latter issue likely originates
from the preeminent use of observations to calibrate the sea-level rise parameterisation scheme
and not output process-based models such as those embedded in the CMIP5 models (see
Grinsted et al. 2010).

SCCMT represents a significant advance in capability over SCCM4. On the basis of the results
shown, SCCM7 can provide defensible simulations of the global climate across a wide range of
scenarios, e.g. for use within Integrated Assessment (Harman et al. 2008; van Vuuren et al.
2011b) or policy analysis. However the issues documented indicate that caution needs to be
applied before detailed insights are drawn from SCCM7 parameter values or details of SCCM7
simulations used for the purposes of climate system analysis — at least not without additional
effort in the calibration and validation of all components of SCCM. The issues identified also
reinforce the need (expectation) for climate change/climate policy analyses to consider, in an
adequate and robust manner, the issues of uncertainty, error and variability.
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APPENDIX A: ADDITIONAL VARIABLES AND PARAMETERS IN
SCCM7

Table 2 Additional calculated time-varying quantities in SCCM?7.

Symbol Units Description

Crrop GtC CO, content in the troposphere

CetraT GtC CO, content in the stratosphere

COo2 GtC (UPDATED) CO, content in the atmosphere

X kt-gas Perturbation to the content of long-lived gas X in the

atmosphere from preindustrial times (nominally CFC11,
CFC12, HCFC22, HFC23, HFC134a, SF6, PFC)

SLR m globally-averaged sea-level rise

Feoa st GtCy™ net flux of CO, between the troposphere and stratosphere

The first column gives the symbol in the document, the second the units used and the third column gives
a description.

Table 3 Additional fixed constants in SCCM7.

Symbol Value Units Description

rMuycecas 84.468 gHCF22/mol Air molecular mass of HCFC-22
rMHFC23 70.0138 gHFC23/mol Air molecular mass of HFC-23
rMHFC134 102.0309 | gHFC134a/mol Air | molecular mass of HFC134a
rMPFC14 88.0043 gPFC14/mol Air molecular mass of PFC-14
rMSF6 146.005 gSF6/mol Air molecular mass of SF6

The fixed constants are used within SCCM7 to generate the conversion factors between kt of gas and ppb
or ppt, in correspondence to the fixed constants rcrcii pptrg - in SCCM4. The first column gives the
symbol used in this document, the second the fixed value, the third the units used and the fourth column
gives a description.

Table 4 New components and changes to existing components in SCCM?7.

Comp Other comps required State variables
co2 none (uses temp and ch4 | co2, ctrop, cstrat, cb1, cb2, csO,
if directed to) csl, cs2, cs3, cs4, cs5, ¢sb, cs7,
cs8, cs9
hfc none dcfcll, dcfecl2, hefe22, hfe23,
hfc134a, pfcl4, sf6
temp none (uses ch4, n2o, cfcs | temp1l, temp2, temp3, sirl, sir2,
or hfcs if directed to) slr

The first column gives each component name, the second lists other components that must also be
chosen and the third column lists the state variables for each component. Note that the SCCM4 module
cfcs is duplicated in intent by the new hfc module — consequently only one of these two modules can be
run concurrently.
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Table 5 Additional SCCM choices.

Comp Name in code Defined options

hfc hfcforchoice ‘total’ or ‘perturbation’

temp tempmodelchoice | many more options available
temp slrmodelchoice ‘accc’,'vermeer’ or ‘jevrejeva’
temp temphcfc22choice | ‘modelled’ or ‘observed’
temp temphfc23choice ‘modelled’ or ‘observed’
temp temphfc134choice | ‘modelled’ or ‘observed’
temp temppfcl4choice ‘modelled’ or ‘observed’
temp tempsf6choice ‘modelled’ or ‘observed’
temp tempdcfcllchoice | ‘modelled’ or ‘observed’
temp tempdcfcl2choice | ‘modelled’ or ‘observed’

The first column gives the relevant component name, the second the choice name in the model code and
the third column the options available. See text for further information.

Table 6 Additional SCCM parameters.

Comp | Namein code | Symbol | Typical | Description
value
co2 stratfac fsTRAT 0-0.1 fraction of atmospheric CO, residing in
stratosphere
co2 stratturnover TSTRAT 4.0 stratospheric turnover time scale (y)
hfc dcfcllpreind Xore 0 Preindustrial CFC-11 conc. (ppt)
hfc dcfc12preind Xore 0 Preindustrial CFC-12 conc. (ppt)
hfc hcfc22preind Xore 0 Preindustrial HCFC-22 conc. (ppt)
hfc hfc23preind Xpre 0 Preindustrial HFC-23 conc. (ppt)
hfc hfc134preind Xpre 0 Preindustrial HFC-134a conc. (ppt)
hfc pfcl4preind Xpre 0 Preindustrial PFC-14 conc. (ppt)
hfc sf6preind Xpre 0 Preindustrial SFg conc. (ppt)
hfc dcfclltauconst | 7, 45 CFC-11 lifetime (y)
hfc dcfcl2tauconst | 7, 100 CFC-12 lifetime (y)
hfc hcfc22tauconst | 1, 12 HCFC-22 lifetime (y)
hfc hfc23tauconst Ty 270 HFC-23 lifetime (y)
hfc hfcl34tauconst | 1, 14 HFC-134a lifetime (y)
hfc pfcl4tauconst Ty 50000 PFC-14 lifetime (y)
hfc sf6tauconst Ty 3200 SF¢ lifetime (y)
hfc cfcllradeff Tafix 0.25 radiative efficiency for CFC-11 (Wm™ppb™)
hfc cfc12radeff Tafix 0.32 radiative efficiency for CFC-11 (Wm™ppb™)
hfc hcfc22radeff Tafix 0.2 radiative efficiency for CFC-11 (Wm™“ppb™)
hfc hfc23radeff Tafix 0.19 radiative efficiency for CFC-11 (Wm™“ppb™)
hfc hfc134radeff Tafix 0.16 radiative efficiency for CFC-11 (Wm™“ppb™)
hfc pfcl4radeff Tafix 0.1 radiative efficiency for CFC-11 (Wm™“ppb™)
hfc sferadeff Tafix 30.52 radiative efficiency for CFC-11 (Wm™“ppb™)

The first column gives the component name, the second the parameter name in the model code and in
this document, the third column gives typical values, the fourth the units used and the fifth column gives a
description.
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Table 7 Additional SCCM inputs.

Comp Symbol | Name in code Description

hfc Fyx dcfcllemissdata gFC—ll emissions to be applied in HFC module (kty’
)

hfc Fyx dcfcl2emissdata gFC—lZ emissions to be applied in HFC module (kty’
)

hfc Fx hcfc22emissdata HCFC-22 emissions (kty )

hfc Fx hfc22emissdata HFC-23 emissions (kty™)

hfc Fx hfc134emissdata HFC-134a emissions (kty™)

hfc Fx pfcl4emissdata PFC-14 emissions (kty ")

hfc Fx sf6emissdata SF, emissions (kty )

temp tempdcfcllchoice | source for dcfcll time series to be used in the
temperature component — ‘modelled’ or ‘observed’

temp tempdcfcl2choice | as above for dcfcl2 variable

temp temphcfc22choice | as above for hcfc22 variable

temp temphfc23choice as above for hfc23 variable

temp temphfcl34choice | as above for hfc134 variable

temp temppfcl4choice as above for pfc14 variable

temp tempsf6choice as above for sf6 variable

temp Sthic sfhfc switch (0 or 1) to apply the radiative forcing from
changes in the HFC component gases.

The first column gives the relevant component name and the second the symbol used in the equations.
The third column gives the name used in the model code and the fourth column gives a description.

Table 8 Additional SCCM outputs.

Comp | Output Description

co2 ctrop CO, content of the troposphere (ppm)

co2 cstrat CO, content of the stratosphere (ppm)

co2 co2meth Carbon flux into the atmosphere due to oxidation of methane (GtC y™)
hfc dcfcll CFC-11 concentration from HFC module (ppt)

hfc dcfcl2 CFC-12 concentration from HFC module (ppt)

hfc hcfc22 HCFC-22 concentration (ppt)

hfc hfc23 HFC-23 concentration (ppt)

hfc hfc134 HFC-134a concentration (ppt)

hfc pfcl4 PFC-14 concentration (ppt)

hfc sf6 SF6 concentration (ppt)

hfc dcfcllemiss | CFC-11 emissions used in HFC module (kty™)

hfc dcfc12emiss | CFC-12 emissions used in HFC module (kty™)

hfc hcfc22emiss | HCFC-22 emissions (kt y™)

hfc hfc23emiss HFC-23 emissions (kty")

hfc hfc134emiss | HFC-134a emissions (kty™)

hfc pfcl4emiss PFC-14 emissions (kt y™)

hfc sféemiss SF6 emissions from (kty™)

temp rfhfc Radiative forcing due to gases in HFC module (Wm™)
temp co2Ze CO2-eq based on all radiative forcing (ppm)

temp co2Zer CO2-eq based on radiative forcing from GHGs only (ppm)
temp slr sea-level rise (m)

The first column gives the relevant component name, the second the name of the output quantity in the
model code and the third column gives a description.
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APPENDIX B: SCCM CALIBRATIONS FOR 27 GCMS

Figure 6 shows the 3-term calibration of SCCM7 against 27 GCMs participating in the CMIP5.
These show a wider range of response than the 6 models considered in more detail in Section 3
and the general strength of the calibration technique. There are also weaknesses in some cases.
Most examples of weaknesses occur when the calibration systematically underestimates the
temperature change one control simulation but overestimates the other control scenario. This
general feature cannot be overcome through different choices of parameters and likely
originates in nonlinearities or path dependencies in the GCM relationship between radiative
forcing and temperature change. Table 9 gives the values for the parameters in the SCCM
calibration sets and for the metric J for each of the GCMs considered.

T T T

| BCC-CSM1-1 -

ACCESS1.0

ACCESS1.3 -

AT (K)
AT (K)
AT (K)

year year year

T
BCC-CSM1-1M 4

CanESM2

AT(K)
AT(K)

AT(K)

year year year

| FGOALS-G2

AT (K)
AT (K)
AT (K)

8
8
g

year year year

| GFDL-CM3

AT(K)
AT(K)

AT(K)

year year year

Fig. 6 GCM temperature changes from and fitted response functions to the two control simulations for
27 models from the CMIP5. Crosses show the GCM simulation data and lines show the SCCM7
calibration using all data. Upper lines/crosses refer to the abrupt 4xCO; control simulation; lower
lines/crosses refer to the 1%-per-year increasing CO, simulation. Temperature data from one
simulation is used in the calibration process even if the modelling group has undertaken and
reported an ensemble of simulations. See Fig. 2 for exemplar cases of the impact of climate
variability and the subsequent parameter uncertainty on these calibrations.
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Figure 6 continued. GCM temperature changes from and fitted response functions to the two control
simulations for 27 models from the CMIP5.

The calibrations against the GFDL-ESM2-G and GFDL-ESM2-M (and to a lesser extent
against the FGOALS-G2) models are particularly poor due to unknown reasons. Figure 7
shows the calibration of SCCM7 when only the data from the abrupt 4xCO, control simulation
is used. The consequent (significant) mismatch between SCCM7 and the 1%-per-year
increasing CO2 control simulation, especially the general character of those data towards the
end of the simulation, suggests that the issue originates with the GCM simulations and not with
the SCCM calibration.

7 T T
T T T T
6L FGOALS-G24.CO, i 6l GFDLESM2-G 4.CO, i 6L GFDLESM2-M4.CO, i
5 51— - s -
y 1 L
g’ g &
- 3| =3 - =3
> 5 £
2 2 | 2
1 1 | 1
0 of# - of

0 50 100 150
year year

g

Fig. 7 As Fig. 6 but where only data from the abrupt 4xCO2 control simulation has been used to
calibrate the SCCM7 parameters.
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Table 9 SCCM7 temperature component parameters for each of the 27 GCMs obtained by calibration
against data from both control simulations.

Model AT (K) &y Gy Gy oy (y) oz (y) otz (y) HKZ)
ACCESS 1.0 2.95 0.13 0.4 0.47 0.2 3.9 29.0 0.024
ACCESS 1.3 2.65 0.53 0.47 3.0 75.0 0.024
BCC-CSM1-1 2.66 0.58 0.42 2.8 84.0 0.015
BCC-CSM1-1M 2.72 0.63 0.37 2.6 69.0 0.043
CanESM?2 3.14 0.61 0.39 3.0 69.0 0.026
CCsm4 2.74 0.41 0.22 0.27 1.7 7.1 134.0 0.026
CNRM-CM5 2.71 0.31 0.51 0.18 0.9 9.8 120.0 0.023
CSIRO Mk3.6 3.14 0.39 0.61 2.2 76.0 0.048
FGOALS-G2* 2.83 0.41 0.59 2.4 72.0 0.133
FGOALS-S2 3.13 0.66 0.34 3.0 90.0 0.039
GFDL-CM3 3.22 0.48 0.52 2.6 80.0 0.030
GFDL-ESM2-G* 2.48 0.45 0.55 2.2 190.0 0.325
GFDL-ESM2-M* 2.23 0.53 0.47 2.8 134.0 0.222
GISS-E2-H 2.12 0.47 0.26 0.27 0.3 7.5 80.0 0.014
GISS-E2-R 1.73 0.71 0.29 1.0 61.0 0.011
HadGEM2-ES 3.51 0.60 0.40 4.0 87.0 0.023
INM-CM4 1.54 0.88 0.12 3.6 79.0 0.013
IPSL-CM5A-LR 3.08 0.24 0.41 0.35 0.3 10.1 77.0 0.025
IPSL-CM5A-MR 3.04 0.32 0.35 0.33 1.7 11.8 69.0 0.035
IPSL-CM5B-LR 2.25 0.24 0.33 0.43 0.3 5.0 69.0 0.028
MIROC-ESM 3.51 0.22 0.41 0.37 0.8 6.9 81.0 0.065
MIROC5 2.22 0.43 0.25 0.32 1.2 5.2 70.0 0.050
MPI-ESM-LR 3.20 0.41 0.19 0.40 1.5 6.2 84.0 0.048
MPI-ESM-MR 3.04 0.61 0.39 2.8 76.0 0.036
MPI-ESM-P 3.06 0.59 0.41 2.2 72.0 0.048
MRI-CGCM3 2.31 0.23 0.42 0.35 0.4 6.0 67.0 0.019
NoreESM1-M 2.25 0.46 0.09 0.45 2.0 6.4 72.0 0.024
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APPENDIX C: ESTIMATION OF RADIATIVE FORCING FROM

GCM SIMULATION OUTPUT

Section 3.2 demonstrates the performance of the calibrated SCCM against GCM simulations of
the Representative Concentration Pathways scenarios undertaken as part of the CMIP5 (van
Vuuren et al. 2011a, Taylor et al. 2012 — see also Fig. 8). The discussion of these results
highlighted the possibility that the radiative forcing scenario calculated endogenously by the
GCMs may not be the same as that used to drive SCCM in the comparison, given the different
treatment of radiative transfer and aerosol forcing between the GCMs and MAGICC. These
differences thus represent a hypothesis as to an underlying cause of the dissimilarity in the

results shown.
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Fig.8 (Fig. 3 repeated) Comparison of SCCM7 projections against full GCM simulations for the
available RCP scenarios. Light coloured bands give the range spanned by the SCCM calibration
ensemble; darker coloured lines give the projection using the central calibration.
projections from the GCMs themselves - noting that for GCMs other than ACCESS13 the
ensemble average of 3-6 simulations is shown (see Section 3.2). Green, blue, magenta and red
refer to the RCP3PD, RCP4.5, RCP6 and RCP8.5 scenarios respectively. Black refers to the
pre-2006 ‘historical’ scenario which is common to the four RCP scenarios. All simulations are
referred to the average over the period 1970-1999 (indicated by the shaded box), hence AT in
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Unfortunately radiative forcing is not readily obtained from GCM output, directly or indirectly,
given the multiple timescales acting in the climate system and the difficulty in differentiating
between forcing and feedback. Consequently the hypothesis is not easily tested. In this
appendix we follow the regression approach of Gregory et al. (2004) to estimate radiative
forcing from readily available GCM output and compare these estimates with the time series
used to force SCCM in the comparison shown in Section 3.2. This forms an independent, but
not definitive, method of assessing the hypothesis.

The regression approach uses control scenario GCM simulations to calibrate a linear regression
model for the relationship between radiative forcing and temperature change. The regression
can then be used to estimate climate system parameters as well as radiative forcing time series
for other scenarios (Gregory et al. 2004). The underpinning assumption to the approach is that
the change in outgoing radiative flux (across all bands), H, is proportional (or close to) the
change in globally-averaged near-surface air temperature AT from pre-industrial conditions.
This assumption has support, being an observed characteristic of many GCMs, however it is
highly simplified with known issues (see e.g. Joshi et al. 2003). At global scale and over time
scales of years or greater, the net downward heat flux N=RF-H, where RF is the radiative
forcing, is the rate of increase of heat stored in the climate system. We have

N(£) = RE(£) — H(t) = RE() — & AT(t) (%))

where , the climate response parameter with units Wm™K™, is the proportionality constant.
Importantly, for most GCMs, @ is found to be roughly independent of both climate state and
forcing (Gregory et al. 2004). This implies that & can be estimated from one GCM simulation
and then Eq (C1) inverted to estimate RF given N and AT for a different scenario. The abrupt
4xCO, control scenario is the obvious scenario to base the estimation upon as Eq (C1) is then a
linear relationship with two constant parameters and is amenable to simple linear regression.

To implement Eq (C1) in practice both AT and N are required for the scenarios considered.
There is one unanswered question to this point: At what vertical level should N be calculated?
For full equivalence with the definition of radiative forcing, the appropriate level is at the
tropopause®.  However the tropopause is a continually adjusting boundary making the
determination of N non-trivial and somewhat arbitrary. Gregory et al. (2004) however also
show that the regressed parameters obtained using N determined at the top of the atmosphere,
N+oa, agree well with those obtained using N at the tropopause. As Ntoa is routinely reported
from GCM simulations this provides a ready method to estimate the radiative forcing for
arbitrary scenarios without the need for additional simulations.

To illustrate the approach, the left panel of Fig. 9 shows the process of calibrating the
regression for the ACCESS 1.3 GCM. Black markers give the data from the first 25 years of
the abrupt 4xCO, control scenario simulation, with the data for the remaining 125 years in blue.
The relationship between AT and Ny is approximately linear however there is a statistically
significant (and in cases subsequently important) change in slope depending on whether the full
data set or only the early period data are used. In principal the earlier parts of the control
simulation give the stronger signal for @ as the latter parts are impacted by both forcing and
feedback (and climate variability provides more relatively more scatter to the data).

® as radiative forcing is defined as the ‘Change in net downward radiative flux at the tropopause after
allowing for stratospheric temperatures to readjust to radiative equilibrium, while holding surface and
tropospheric temperatures and state variables fixed at the unperturbed values.’ (Forster et al. 2007)
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Fig. 9. Left panel: Regression of the annually and globally averaged net radiative flux at the top of the
atmosphere against change in near-surface air temperature taken from the ACCESS 1.3 abrupt
4xCO; control simulation. Blue markers show data from all years of the simulation, black
markers from the first 25 years. Right panel: Time series of the radiative forcing for the 1%-per-
year increasing CO2 control simulation. Markers give the radiative forcing obtained from the
calibrated Eq (C1), black line gives the analytical solution (Eq 17 with a value of A=5.35 Wm™).

To test the approach we show the results from calibrated Eq (C1) in inverted form when
applied to the 1%-per-year increasing CO, control scenario. The right panel of Fig. 9 shows the
radiative forcing (markers) as estimated by the regression together with the analytical solution
for the radiative forcing for this scenario. The regression method successfully estimates RF for
this control scenario indicating that, when the radiative forcing is due to CO, alone at least, the
regression approach can produces plausible estimates for RF despite the distinctly different
temporal characteristics of the scenarios.
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Fig. 10 Comparison between time series of radiative forcing obtained from Eq (C1) and that used to
drive SCCM for 6 GCMs and three representative concentration pathway scenarios. Thin
coloured lines give the annual time series of the estimated RF for the historical period (cyan), the
RCP3PD (green), RCP4.5 (blue) and RCP8.5 (red) RCPs. Thick coloured lines give the 9-year
running average of the annual time series. Black lines give the respective RF used to drive
SCCM (determined as the RCP CO,-eq time series with Eq 17 and a value of A=5.35 Wm'z). 25
years of the abrupt 4xCO, control simulation were used to calibrate the regression.

Figures 10 & 11 show the resultant comparison between the radiative forcing estimated from
the GCM simulations against that used to force SCCM for the 6 GCMs considered in detail in
Section 3.2. Figure 10 shows the results when the calibrating regression uses only the first 25
years of the abrupt 4xCO, control simulation, whereas Fig. 11 shows the results when all years
of the simulation are used. Only one ensemble member is used to generate these estimates
(unlike in Fig. 8 where the GCM temperature changes are ensemble averages).
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Fig. 11 As Fig. 10 but where all 150 years of data from the abrupt 4xCO, control simulation were used to
calibrate the regression.

There is qualitative agreement between the estimated radiative forcing and that used to drive
SCCM irrespective of the choice of time period upon which to base the regression. The
estimates of radiative forcing are in the correct order and in approximately the correct ratios.
The quantitative (dis)agreement is similar to that between the SCCM and GCM temperature
projections with differences of approximately 0.5-1 Wm™ emerging in most cases around the
year 2000. The choice of length of record to calibrate the regression is significant with
improved agreement for 3 GCMs but deterioration for 2. These differences can be traced to
whether the data from the abrupt 4xCO, control scenario are linear (in which case the greater
quantity of data assists in accurately quantifying & and hence improvement in performance) or,
as in Fig. 9, the later parts of the simulation show a different response (and therefore using the
full data set degrades the performance). For the majority of GCM-scenario combinations the
differences shown in Figs 10 and 11 are in the correct sense given the temperature projection
results in Fig. 8. When SCCM has underestimated the temperature change (compared to the
GCM truth) the associated estimate for the radiative forcing from the GCM is greater than used
within SCCM (and vice-versa). However this observation does not indicate that it is the
radiative forcing that provides the differences between the temperature change projections only
that the two results are consistent with each other.

There is particular feature and one general tendency in Figs 10 and 11, however, which do
strongly indicate that the radiative transfer components within the GCMs are providing
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different values for the radiative forcing than that used in SCCM. During the period 1960-1990
the radiative forcing estimate from the ACCESS 1.3 and MIROC5 models (and to a lesser
extent the other models) lies significantly below the SCCM forcing (easiest seen in the 9-year
running average). This period is characterised by a series of sharp negative forcing events
(likely volcanic eruptions). These events are not included in the RCP forcing time series used
to force SCCM. This demonstrates the importance of the aerosol components to the radiative
forcing and is particularly important for the (ACCESSL1.3) results shown in Fig. 8. The GCM
temperature through the reference period does not warm as significantly as SCCM through the
period 1960-2000, providing an offset to AT and hence impacting the agreement with the
SCCM simulations across the full time frame of the scenarios.

The general tendency is that much of the disagreement between in temperature projections and
the radiative forcing emerges in the period 2000-2020. This, again, is consistent as the
radiative forcing estimates require the use of the temperature change. However during this all
of the RCP scenarios undergo a rapid change (reduction) in anthropogenic aerosol loading (van
Vuuren et al. 2012). Consequently we would expect differences originating in the radiative
transfer components to manifest at this time.

Furthermore there is additional evidence that differences do exist in the radiative transfer
components of the GCMs as compared to that of SCCM. The SCCM parameter A (Eq 17) can
be estimated form the regression as A = RF . /In(4) where RF.., is the regressed value of
radiative forcing from the abrupt 4xCO, control simulation. A default value is A = 5.35 Wm’
K™ (e.g. Gohar and Shine 2007). The values obtained through the regressions shown in Figes
10 and 11 range from 4.86 Wm?K™ (IPSL-CM5A-LR) to 6.27 Wm?K™ (MIROCS5). These
estimates are subject to statistical uncertainty’; however this large range is indicative of an
underlying variation in the effective parameter A (or its effective equivalent) between these
models®. It is important to note that these estimates of A are determined from simulations
where only the forcing due to CO; is included. Extending the suite of gases considered to all
those in the RCP scenarios inevitably increases the potential for mismatch between the GCM,
MAGICC and SCCM radiative transfer components further.

Together these results indicate two key findings. Firstly, there are subtle, but nevertheless
significant differences in the treatment of radiative transfer between the GCMs and that used by
MAGICC as used to generate the CO,-eq time series as used to force SCCM in Section 3.2.
The hypothesis therefore has some support but is not proven. Secondly, to accurately
reproduce the behaviour of GCMs using SCCM will require substantial effort in tailoring the
radiative forcing component of SCCM to each GCM. Given the anticipated usages of SCCM,
the inherent variability in climate and variation between GCMs such development is currently
not envisaged.

" Based on an ensemble of sub-samples of reduced size, the standard deviation of the estimate for A is
+0.03 Wm™K™ for the IPSL-CM5A-LR model and +0.07 Wm™K™ for the MIROC5 model.
& A can be varied in SCCM through the input parameter fco2 (see Table A5 in Harman et al. 2011).
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