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Abstract. To estimate equilibrium climate sensitivity from a simulation where a step change in carbon dioxide
concentrations is imposed, a common approach is to linearly extrapolate temperatures as a function of top
of atmosphere energetic imbalance to estimate the equilibrium state ("Effective Climate Sensitivity"). In this
study, we eonsideran-alternative-approach-for-estimating find that this estimate may be biased in some models
due to state-dependent energetic leaks. Using an ensemble of multi-millennial simulations of climate model
response to a constant forcing, we estimate equilibrium climate sensitivity through Bayesian calibration of a
multiple-timeseale simple-climate-modelsimple climate models which allow for responses from subdecadal to
multi-millennial timescales. Results suggest potential biases in effeetivesensttivity-estimates-Effective Climate
Senstivity in the case of particular models where radiative tendencies imply energetic imbalances which differ be-
tween pre-industrial and quadrupled COs states, whereas for other models even multi-thousand year experiments
%Mmmwmw These biases mp%yfheﬂeed#eﬁeeeiﬁdeﬁme&ef—semeﬁmée}

GM{Pé—mede}i—ﬁﬁdef}me%—fheﬂfgeﬁkdraw into guestion the ut111t of effectlve chmate sensitivity as a metric of
warming response to greenhouse gases and underhne the requlrement for operatlonal chmate sens1t1v1ty experi-
ments on millennial timescales to asses

ensemblesbetter understand committed warming following a stabilisation of greenhouse gases.

1 Introduction

Equilibrium Climate Sensitivity (ECS) ef-an-Earth-System-Medelis the theoretical equilibrium increase in global mean tem-
perature experienced in response to an instantaneous doubling in carbon dioxide concentrations over pre-industrial levels.
Introduced as a metric of response of the Earth System to greenhouse gases in the early years of computational climate science
(Charney et al., 1979; Hansen et al., 1984), it remains a very common metric of the sensitivity of the Earth to greenhouse gas
forcing (Knutti et al., 2017; Masson-Delmotte et al., 2021).

Measuring ECS in a coupled climate model, however, is difficult owing to the time required for the equilibration of the
system to a change in forcing (Wetherald et al., 2001; Solomon et al., 2010; Jarvis and Li, 2011) necessitating simulations of
multiple millennia to obtain a near-equilibrated estimate of temperature response (Rugenstein et al., 2020). The computational
burden of conducting such simulations implies that standard practise for model assessment is to measure an "Effective Climate
Sensitivity" (EffCS) using feedbacks extrapolated from those simulated in the first 150 years simulation forced with a step-wise
quadrupling of CO, (Gregory et al., 2004; Murphy, 1995; IPCC, 2013; Forster, 2016; Andrews et al., 2012).

A core assumption in the calculation of EffCS is that the system will ultimately stabilise in a state of energetic balance
(Gregory et al., 2004). However, in practise a number of models exhibit energetic radiative top of atmosphere imbalances
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in the control state in both CMIP5 (Hobbs et al., 2016) and CMIP6 (Irving et al., 2021), and as such the Effective Climate
Sensitivity is calculated using net ux anomalies relative to the control mean top of atmosphere net radiative uxes. However,
it remains untested as to whether such models will ultimately converge to the same state of imbalance.
In the present study, we consider an alternative approach for calculating climate sensitivity from a climate simulation in
s which there is a step change in carbon dioxide concentrations. We consider how the method of calculating effective climate
sensitivity, either from initial response or from millennial scale simulations, may be potentially subject to biases arising from
assumptions on the equilibrated radiative state. Finally, we consider how these uncertainties relate to our con dence in the
relationship between transient and equilibrium climate feedbacks.
We consider the role of non-equilibrated models in the context of recent research, which has highlighted potential uncertain-
1 ties in theEffCSapproximation ofECS- studies have found that net radiative feedbacks can exhibit both timescale and state
dependencies (e.gSenior and Mitchell 2000; Armour et al. 2013; Andrews et al. 2015; Rugenstein et al. 2016; Proistosescu
and Huybers 2017; P ster and Stocker 2017; Dunne et al. 2020; Andrews et al. 2018; Bloch-Johnson et al. 2021) both of which
draw into question the implicit constant feedback assumption used to calEffi@®
The LongrunMIP project set out in part to quantify this error by running a subset of ESMs in idealised carbon dioxide
15 perturbation experiments with simulations of millennial timescale response (Rugenstein et al., 2019). Initial studies compared
the EffCSas derived using the rst 150 years of the simulation with that derived using the last 15 percent of warming in multi-
thousand year experiments - nding that the accuracy of&fi€Svaried by model, but the two methods differed by 3437
orlessin the estimate cECS(Rugenstein et al., 2020). A follow-up study (Rugenstein and Armour, 2021) considered a range
of approaches for characterising feedbacks on different timescales, and found that feedbacks assessed in the period 100-4C
2 years after the initial quadrupling of G@oncentrations may provide a practical prediction of equilibrium response accurate
within 5% or less. They found also, however, there were large inconsistencies in some models between estimates of climate
sensitivity derived from extrapolation to radiative equilibrium and those methods which relied on a tting of exponentially
decaying temperature trend, leaving uncertainty on the best practise for integrating model-Béf@&distributions into
uncertainty in long term warming trajectories.

s A general assessment of the likely rangeEﬁCS (Sherwood et al., ZOZOQxMWmﬁtHeSﬁH%aSSHmpHGFmH

on combined hlstorlcal and paleo ewdence contributing to the headline result that valuB§C& of greater
than 4.7K are unlikely. These ndings somewhat challenge the use of the CMIP6 ensemble of climate mod-
wels as a proxy for climate prOJectlon uncertamty in assessment given apprOX|mater 1/3 of the ensemble have
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We assume that the temperature and radlatmeseﬁe&response to. a_step.change in__forcing. can

be modelled by a sum of exponential decay terms, a basis set which is consistent with the gen-

eral solution of two Iayer S|mple climate model&wh—er—w%heu{—terms%er—eeeaFquaHptakeﬁeaey} 5

(1a)

(1b)

Model sub-decadal decadal _centennial —millennial multi- m|IIenn|aI
,2 tlmescale X X

X X X

X X X X
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Xt
T()= Te(t tYF@Y) F@° 1) (2a)
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Xt
R()= Ryt tYF() F(° 1) (2b)
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Scenario F(t) (Wm 2) Timerange(years) Models _E_Qrcmgscalmgfor _____ Thest est

CCSM3, CESM104,
CNRMCM61, ECHAM5MPIOM

0 (t< 0)
ABRUPT4X . GISSE2R, HadCM3L, 1
““““ (5:35)log () t 0 HadGEM2, IPSLCM5A,
MPIESM11, MPIESM12
0 (t< 0)
Ipct2x* (5:35)log (1:01') (0 t< 70) GFDLCM3, GFDLESM2M 2
“““ (5:35)log (2) (t 70 :
0 (t< 0)
pctax* (5:35)log (1:01") (0 t< 140) MIROC32 1
“““ (5:35)log (4) (t 140) -
F historical (t) (t < 2005)
RCP85** Frcp 85 (t) (2005 t< 2300) ECEARTH 0.583
""" Frcp 85 (2300) (t 2300) R

and smaII energetic imbalances remain in some models even after the model global mean temperature trends have cease
(Rugenstein et al., 2019).




Sanderson et al.: state-dependent energetic imbalance 5

:Is::.:::rlnted;l:n Whlte



6 Sanderson et al.: state-dependent energetic imbalance

Parameter long name Units Minvalue  Max value
K 0 10
K 0 10
K 0 10
K Afa0 Afa:10
K 0 10
Wm 2 -10 ‘10
Wm 2 -10 10 _
Wm ?  -10 10 Parameterandpriof
Wm 2 .10 10
‘Wm ? -10 10
""" years 0 T 10
years 10 456100
years 150100 20001000
years 1000 5000
_years ‘5000 100000

lowing.a
ssociated

15 A third estlmate of equrlrbrrum warming, Tpest est, fOllows Rugenstein et al. (2020), by calculating the effective climate

sensitivity based on the years corresponding to the la& d5warming in the simulation (that is, for all years following
the point when the simulation rst exceeds%&f the average global mean temperature anomaly in the last 20 years of the

simulation using the ensemble of tted parameters from Bayesian calibration of Equatlon 1a, using again global mean temper-
ature anomalies frolABRUPT4Xrelative toT, (taken as mean temperatures over the last 100 ye&kGafRL).

X
Textrap = iN S+ To ()

n=1

2 We estrmate the long term radratrve |mbalance |nAB§2UPT4Xsrmulatron from the tted values de—(themwal—feremg
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X
R4X — Rn + R4X;

extrap

n=1

3.4 Resdlts
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