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Abstract.*1 
Climate!sensitivity!represents!the!global!mean!temperature!change!due!to!2 
changes!in!the!radiative!balance!of!climate,!and!is!studied!for!both!3 
present/future!(actuo)!and!past!(palaeo)!climate!variations.!Palaeo\estimates!are!4 
often!considered!informative!for!assessments!of!actuo\climate!change!due!to!5 
anthropogenic!greenhouse!forcing.!But!this!utility!remains!debated!because!of!6 
concerns!about!the!impacts!of!uncertainties,!assumptions,!and!incomplete!7 
knowledge!about!controlling!mechanisms!in!the!dynamic!climate!system!with!its!8 
multiple!interacting!feedbacks.!This!is!exacerbated!by!the!need!to!assess!actuo\!9 
and!palaeo\climate!sensitivity!over!different!timescales,!with!different!drivers,!10 
and!with!different!(data!and/or!model)!limitations.!Here!we!visualise!these!11 
impacts!with!idealised!representations!that!graphically!illustrate!the!nature!of!12 
time\dependent!actuo\!and!palaeo\climate!sensitivity!estimates.!Thus,!we!13 
evaluate!strengths,!weaknesses,!agreements,!and!differences!between!the!two!14 
approaches.!This!highlights!priorities!for!future!research!to!improve!the!use!of!15 
palaeo\estimates!in!evaluations!of!current!climate!change.!16 
!17 
Keywords:*Climate!sensitivity;!present!climate;!palaeoclimate;!idealised!18 
scenarios;!feedbacks.*19 

1.#Introduction#20 
Studies!of!past!and!future!climate!change!often!centre!on!some!“climate!21 
sensitivity”!to!changes!in!the!radiative!balance!of!the!Earth.!It!appears!in!many!22 
guises.!The!equilibrium!climate!sensitivity!(ECS)!is!the!equilibrium!global!annual!23 
mean!temperature!rise!caused!by!a!doubling!of!atmospheric!CO2!concentration!24 
(Charney!et!al!1979,!Knutti!&!Hegerl!2008,!IPCC!2013,!Forster!2016,!Stevens!et!al!25 
2016),!or!a!radiative!forcing!of!about!3.7!Wm–2!(c.f.,!Myhre!et!al!1998,!Byrne!&!26 
Goldblatt!2014,!Etminan!et!al!2016),!which!can!be!further!amplified!or!27 
dampened!by!a!number!of!feedbacks!within!the!climate!system!acting!on!many!28 
different!timescales!(e.g.,!von!der!Heydt!et!al!2016).!The!amount!of!global!annual!29 
mean!temperature!change!in!response!to!a!given!change!in!the!Earth’s!radiative!30 
balance!is!either!called!“climate!sensitivity!parameter”!or!“specific!climate!31 
sensitivity”!(in!K/(Wm–2)!or!°C/(Wm–2)).!The!transient!climate!response!is!the!32 
global!annual!mean!temperature!rise!at!the!time!of!CO2!doubling;!i.e.,!before!the!33 
system!fully!re\equilibrates!with!the!imposed!forcing!(IPCC!2013).!!34 
!35 
No!matter!which!definition!or!timescale!is!considered,!the!response!(or!36 
sensitivity)!of!climate!(or!temperature)!to!a!perturbation!in!the!radiative!balance!37 
(or!forcing)!is!an!important!metric!for!evaluating!the!potential!outcomes!of!38 
anthropogenic!impacts!on!the!radiative!balance,!such!as!greenhouse\gas!39 
releases,!land\use!changes,!and!aerosol!emissions.!The!radiative!balance,!in!turn,!40 
represents!the!sum!of!radiative!forcings!and!feedbacks,!where!the!latter!occur!41 
over!a!wide!range!of!timescales!(Figure!1),!and!which!collectively!determine!the!42 
surface!temperature!on!Earth.!Feedbacks!are!commonly!categorised!as!“fast”!43 
when!acting!within!less!than!100!years,!or!“slow”!when!acting!over!longer!44 
timescales,!although!this!timescale\based!distinction!is!somewhat!blurry!in!45 
reality!(Figure!1)!(see!overview!in!PALAEOSENS!2012).!!46 
!47 
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Attempts!at!constraining!climate!sensitivity!have!been!made!throughout!the!past!48 
century!and!before,!and!despite!advances!in!our!understanding!of!the!physical!49 
processes!that!govern!the!Earth’s!climate,!the!estimates!have!not!changed!much!50 
from!the!very!earliest!ones!(Arrhenius!1896,!Callendar!1938,!IPCC!2013,!Stevens!51 
et!al!2016).!Current!estimates!of!climate!sensitivity!remain!within!a!66%!52 
probability!range!of!1.5!K!to!4.5!K!(Charney!et!al!1979,!IPCC!2013,!Stevens!et!al!53 
2016).!But!research!into!this!climate!metric!has!intensified!in!recent!years,!54 
notably!because!of!increasing!concerns!about!our!future!global!warming!55 
trajectory!and!implementation!of!mitigation!strategies!(Mann!2014).!Climate!56 
sensitivity!has!been!extensively!investigated!in!modelling!studies!for!both!past!57 
climates!(e.g.,!Lunt!et!al!2010)!and!projections!into!the!future!(e.g.,!Fasullo!&!58 
Trenberth!2012,!Sherwood!et!al!2014),!while!another!intensive!branch!of!59 
research!is!based!on!climate!sensitivity!estimates!from!past!climate!60 
(palaeoclimate)!reconstructions!(Hansen!&!Sato!2012,!PALAEOSENS!2012,!61 
Skinner!2012,!Royer!2016,!von!der!Heydt!et!al!2016).!An!emerging!property!of!62 
recent!investigations!into!present\day!ECS!is!some!apparent!non\linearity!or!63 
climate\background\state!dependence!(Knutti!&!Rugenstein!2015).!In!the!typical!64 
approach!to!calculate!ECS,!extrapolating!transient!climate!simulations!following!65 
an!abrupt!doubling!of!CO2!to!the!point!when!surface!temperature!change!66 
becomes!zero,!it!turns!out!that!a!linear!relationship!is!not!the!best!approximation!67 
(Bloch\Johnson!et!al!2015),!and!also!the!so\called!fast!feedbacks!are!still!68 
changing!after!more!than!150!years!(Rugenstein!et!al!2016).!These!are!key!issues!69 
for!further!research.!In!addition,!there!is!interest!in!better!understanding!climate!70 
sensitivity!and!the!forcing!and!feedback!processes!that!control!Earth’s!climate!71 
through!past!episodes!of!climate!change,!such!as!Plio\Pleistocene!glacial\72 
interglacial!cycles!and!earlier!Cenozoic!events!and!sustained!episodes!of!global!73 
warming.!Also!in!this!field,!potential!state!dependence!is!a!key!focus.!74 
!75 
Palaeoclimate!data!can!be!used!to!evaluate!climate!sensitivity!in!several!ways,!76 
which!include!the!analysis!of:!(i)!time!series!of!the!recent!past,!such!as!the!last!77 
millennium!(Hegerl!et!al!2006);!(ii)!comparing!the!present!(preindustrial)!with!78 
specific!time!slices,!such!as!the!Last!Glacial!Maximum!(Hansen!et!al.,!1984,!79 
Schneider!von!Deimling!et!al!2006,!Schmittner!et!al!2011),!or!Cenozoic!intervals!80 
that!were!warmer!and!had!higher\than\preindustrial!atmospheric!CO2!81 
concentrations!(Pagani!et!al!2010,!Hansen!et!al!2013b,!Anagnostou!et!al!2016);!82 
or!(iii)!multiple!climate!cycles,!such!as!the!repeated!alternation!between!glacial!83 
and!interglacial!periods!that!characterised!the!Pleistocene!Epoch!(Hansen!et!al!84 
2007,!Rohling!et!al!2012,!von!der!Heydt!et!al!2014,!Köhler!et!al!2015;!Friedrich!85 
et!al!2016)!or!the!Pliocene!(Martinez\Boti!et!al!2015).!These!approaches!suffer!86 
from!relatively!large!uncertainties!that!are!inherent!to!the!use!of!proxy!data,!87 
from!a!shortage!of!globally!distributed!datasets!of!past!temperature!changes!that!88 
span!the!desired!timescales,!and!from!problems!in!obtaining!consistent!89 
chronologies!for!the!various!time!series!of!climate!forcing!and!responses.!90 
Regardless,!climate!sensitivity!estimates!from!palaeoclimate!data!have!the!91 
merits!of!being!based!on!real!data!and!being!calculated!through!a!full!range!of!92 
climate!states,!including!those!colder!and!warmer!than!preindustrial.!93 
!94 
Climate!sensitivity!to!changes!in!climate!forcing!depends!on!numerous!response!95 
(feedback)!processes!–!all!with!their!own!(uncertain)!timescales!(Figure!1)!and!96 
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(uncertain)!relative!radiative!contribution,!or!efficacy!(Hansen!et!al!2005,!Bony!97 
et!al!2006).!The!conceptual!background!has!been!previously!discussed,!both!in!98 
relation!to!modern/future!(hereafter!referred!to!as!“actuo”)!climate!change!and!99 
to!palaeoclimate!change!(e.g.,!Charney!et!al!1979,!Hansen!et!al!1984,!2005,!2007,!100 
2008,!2013b,!Skinner!2012,!Marvel!et!al!2016,!von!der!Heydt!et!al!2016).!In!101 
PALAEOSENS!(2012),!discussions!were!synthesised,!and!relationships!102 
mathematically!evaluated.!!103 
!104 
Here!we!outline!the!PALAEOSENS!(2012)!framework,!and!consider!its!105 
implications!as!well!as!challenges.!We!then!formulate!some!simple,!purely!106 
theoretical,!graphical!representations!to!illustrate!and!evaluate!the!nature!of!the!107 
probability!distributions!for!climate!sensitivity!in!response!to!anthropogenic!108 
forcing!and!through!episodes!of!climate!change!in!the!palaeoclimate!record.!We!109 
use!these!schematic!representations!to!investigate!how!climate!sensitivities!from!110 
actuo\!and!palaeo\studies!can!best!be!assed!to!make!them!comparable!to!one!111 
another.!Finally,!we!consider!implications!of!the!results!for!the!potential!of!112 
narrowing!down!the!climate!sensitivity!range!and/or!its!dependence!on!climate!113 
background!states.!114 

2.#Framework#115 
PALAEOSENS!(2012)!outlined!an!approach!that!uses!reconstructions!of!key!116 
climate!parameters!in!the!geological!past!to!approximate!the!equilibrium!fast\117 
feedback!climate!sensitivity!term!that!applies!to!actuo\climate!studies!(Sa;!i.e.,!118 
the!equilibrium!climate!sensitivity!calculated!when!all!fast!feedbacks!and!surface!119 
ocean!warming!have!completed).!The!main!issue!that!needed!to!be!addressed!in!120 
aligning!climate!sensitivity!estimates!from!palaeoclimate!studies!with!those!from!121 
actuoclimate!studies!concerns!the!contrasting!timescales!involved!–!natural!122 
climate!change!is!much!slower!than!anthropogenic!climate!change!(Crowley!123 
1990,!Zeebe!et!al!2016).!Natural!change!therefore!includes!the!action!of!124 
feedbacks!that!are!too!slow!to!be!relevant!over!the!next!100\200!years,!and/or!125 
relate!to!processes!that!are!not!(yet)!included!in!climate!models!due!to!126 
computational!limits!(e.g.!continental!ice!sheets).!127 
!128 
One!way!to!address!this!issue!uses!the!so\called!“time\dependent!climate!129 
sensitivity”!approach,!which!accounts!for!both!fast!and!slow!feedbacks,!and!130 
which!allows!evaluation!of!climate!sensitivity!continuously!over!timescales!that!131 
are!relevant!both!to!the!imminent!future!and!to!the!distant!geologic!past!(Zeebe!132 
2013).!It!builds!on!the!notion!that!fast!and!slow!feedbacks!operate!continuously!133 
in!the!climate!system,!thereby!modulating!the!evolution!of!climate!and!its!134 
sensitivity!to!forcing!through!time.!The!fast!feedback!climate!sensitivity!is!set!(to!135 
3!K),!while!the!evolution!of!the!slow!feedbacks!(carbon!cycle,!vegetation,!low\136 
latitude!glaciers,!and!polar!ice!sheets)!is!modelled!using!constraints!from!the!137 
palaeoclimate!record.!The!strength!of!this!approach!for!future!climate!138 
projections!lies!in!the!comprehensive!estimates!of!anthropogenic!warming!(and!139 
its!duration)!that!it!delivers.!For!example,!it!accounts!for!the!impacts!of!warming!140 
on!the!solubility!of!CO2!in!the!ocean,!which!further!enhance!global!warming!by!141 
increasing!atmospheric!CO2!concentrations!(Zeebe!2013).!Note!that!this!142 
approach!relies!on!linearization!of!the!climate!response!around!the!background!143 
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climate,!and!only!applies!to!cases!where!the!climate!system!(after!a!very!long!144 
time)!reaches!a!unique!and!true!equilibrium.!In!reality,!the!climate!system!may!145 
instead:!(a)!exhibit!variability!on!many!different!timescales!(interannual!to!146 
orbital)!with!potentially!different!characteristics!under!CO2!forcing;!and!(b)!cross!147 
tipping!points!that!imply!highly!nonlinear!climate!responses!(e.g.!Drijfhout!et!al!148 
2015).!%149 
!150 
Another!way,!which!has!been!more!extensively!applied,!explicitly!resolves!151 
radiative!forcing!due!to!the!slow!feedback!processes!(e.g.,!ice\sheet!albedo,!152 
vegetation!albedo,!and/or!greenhouse\gas!concentrations),!and!then!removes!153 
their!influences!from!the!calculated!climate!sensitivity!(Hansen!et!al!2007,!154 
Köhler!et!al!2010,!Masson\Delmotte!et!al!2010,!PALAEOSENS!2012,!Rohling!et!al!155 
2012,!Martinez\Boti!et!al!2015).!PALAEOSENS!(2012)!proposed!the!parameter!Sp!156 
for!palaeoclimate!sensitivity!in!terms!of!temperature!change!relative!to!forcing!157 
due!to!CO2!change!only,!which!is!equivalent!to!their!specific!climate!sensitivity!158 
term!S[CO2]!(also!known!as!Earth!System!Sensitivity).!Similar!specific!climate!159 
sensitivity!terms!can!be!formulated!relative!to!other!(combinations!of)!slow!160 
feedback!processes;!e.g.,!relative!to!CO2!and!land\ice!changes!(S[CO2,!LI]),!or!to!161 
changes!in!overall!greenhouse\gas!levels,!land\ice!albedo,!and!vegetation!albedo!162 
(S[GHG,!LI,!VG]).!Conceptually,!the!PALAEOSENS!(2012)!approach!assumes!that!Sp!163 
can!be!“corrected”!for!all!processes!that!are!either!slow!or!not!included!in!164 
models,!such!that!one!ends!up!with!an!approximation!of!Sa.!The!subscripts!then!165 
identify!the!slow!feedbacks!that!are!“corrected”!for,!or!that!–!in!other!words!–!are!166 
effectively!considered!as!climate!forcings.!This!is!a!pragmatic!approach!that!167 
requires!knowledge!about!the!radiative!impacts!of!all!processes!at!any!moment!168 
in!the!past,!which!then!becomes!the!real!challenge.!Here!we!evaluate!169 
comparability!between!“actuo”!and!“palaeo”!examples,!following!the!170 
PALAEOSENS!(2012)!approach!of!focussing!on!specific!radiative!contributions!of!171 
the!various!processes,!since!this!approach!can!be!relatively!easily!illustrated!in!172 
graphical!examples.!173 
!174 
In!more!specific!terms,!PALAEOSENS!(2012)!argues!that!the!observed!relatively!175 
low!rates!of!temperature!change!imply!that!climate!remained!close!to!176 
equilibrium,!especially!in!the!preindustrial!past.!In!general,!global!annual!mean!177 
temperature!changes!are!small!relative!to!the!288!K!(15°C)!absolute!178 
temperature!of!Earth’s!surface.!Temperature!change!(warming)!over!the!past!179 
several!decades!amounts!to!between!0.01!K/y!(IPCC!2013)!and!0.015!K/y!180 
(Hansen!et!al!2010).!During!Pleistocene!deglaciations,!it!was!an!order!of!181 
magnitude!slower!(Masson\Delmotte!et!al!2010,!Shakun!et!al!2012,!Friedrich!et!182 
al!2016,!Snyder!2016),!and!during!the!dramatic!onset!of!the!Palaeocene\Eocene!183 
Thermal!Maximum,!56!million!years!ago,!rates!of!global!warming!were!184 
somewhere!in!between!those!two!(Zachos!et!al!2006,!Zeebe!et!al!2009,!Kemp!et!185 
al!2015).!Today,!climate!is!affected!by!an!external!forcing!(notably!greenhouse\186 
gas!release)!that!is!increasing!faster!than!all!but!the!fastest!climate!processes!can!187 
respond.!Thus,!the!climate!remains!in!a!state!of!disequilibrium!until!sufficient!188 
time!has!elapsed!for!the!slower!processes!to!adjust,!where!completion!of!189 
centennial\scale!surface!ocean!heat!uptake!is!commonly!used!to!denote!190 
“equilibrium”.!Indeed,!the!“energy!imbalance”!caused!by!ocean!heat!uptake!is!191 
widely!used!as!a!measure!of!the!overall!disequilibrium!state!(e.g.,!Hansen!et!al!192 
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2011,!2013,!2016).!During!most!of!the!pre\industrial!past,!climate!feedbacks!193 
were!close!to!equilibrium!with!the!global!temperature,!given!that!these!194 
processes!themselves!were!driving!the!climate!changes.!195 
!196 
For!close\to\equilibrium!changes!in!the!past,!radiative!impacts!of!the!global!197 
mean!external!climate!forcings!(negligible!annual!mean!global!insolation!198 
changes),!slow!feedbacks!(including!carbon\cycle!processes),!and!fast!feedbacks!199 
must!have!been!almost,!if!not!precisely,!balanced.!Hence,!ΔR[sf]!+!ΔR[ff!]!≈!0,!where!200 
ΔR!stands!for!radiative!change,!sf!stands!for!the!sum!of!all!(slow!feedback)!201 
forcings,!and!ff!stands!for!the!sum!of!fast!feedbacks!(for!more!detail,!see:!202 
PALAEOSENS!2012,!von!der!Heydt!et!al!2014,!von!der!Heydt!&!Ashwin!2016).!203 
Thus,!for!a!given!(small)!temperature!change%ΔT,!the!equilibrium!fast\feedback!204 
climate!sensitivity!parameter!Sa%=%ΔT/%ΔR[ff]!may!be!approximated!by!S[sf]!=!ΔT/%205 
ΔR[sf].!Estimates!following!this!approach!throughout!the!Cenozoic!Era!206 
consistently!fall!within!a!distribution!of!about!of!0.3–1.9!or!0.6–1.3!K/(Wm–2)!at!207 
95%!or!68%!probability,!respectively!(Köhler!et!al!2010,!Masson\Delmotte!et!al!208 
2011,!PALAEOSENS!2012,!Rohling!et!al!2012,!Martinez\Boti!et!al!2015,!Friedrich!209 
et!al!2016).!The!latter!scales!to!a!warming!of!2.2–4.8!K!per!doubling!of!210 
atmospheric!CO2,!in!agreement!with!IPCC!estimates!(IPCC!2013).!!211 
!212 
A!major!question!that!remains!open!is!whether!this!distribution!reflects:!(1)!213 
reconstructed!climate!sensitivity!values!that!are!scattered!randomly!through!the!214 
range!that!is!determined!(i.e.!random!uncertainty);!or!(2)!–!more!likely!–!a!215 
combination!of!different,!narrower!palaeoclimate!sensitivity!ranges!from!216 
different!time!periods,!and!in!particular!from!different!background!climate!217 
states,!which!would!therefore!represent!a!“systematic”!source!of!uncertainty!218 
(see!also!Stevens!et!al!2016,!von!der!Heydt!et!al!2016).!Indeed,!model\based!219 
process!studies!and!theoretical!considerations!drive!an!expectation!that!the!220 
value!of!climate!sensitivity!should!depend!on!the!prevailing!climate!background!221 
state,!as!contributing!feedback!processes!may!become!more!or!less!effective!(i.e.,!222 
their!efficacy!may!change)!under!different!background!climate!conditions!(e.g.,!223 
Crucifix!2006,!von!der!Heydt!et!al!2016,!for!an!attempt!to!define!different!types!224 
of!state!dependence).!Recent!work!using!palaeoclimate!observations!(von!der!225 
Heydt!et!al!2014,!2016,!Köhler!et!al!2015)!suggests!that!state\dependence!may!226 
be!detectable!with!model\based!interpretation!of!the!data,!but!the!matter!has!not!227 
yet!been!conclusively!resolved!due!to!the!uncertainties!involved!in!the!data!and!228 
in!the!(chronological)!comparisons!between!records.!In!detail,!the!state\229 
dependence!identified!in!Köhler!et!al!(2015)!mainly!resulted!from!calculation!of!230 
the!land\ice!albedo!radiative!forcing,!ΔR[LI],!based!on!deconvolution!of!the!global!231 
deep\sea!benthic!oxygen!isotope!record!with!3D!ice\sheet!models.!Another,!232 
relatively!minor!contribution!resulted!from!latitudinal!dependence!of!changes!in!233 
incoming!insolation,!I.!Combined,!these!drove!a!non\linear!relationship!between!234 
ΔR[LI]!and!sea!level.!Earlier!approaches!used!either!simpler!1D!ice\sheet!models!235 
(van!de!Wal!et!al!2011),!did!not!similarly!account!for!the!latitudinal!dependence!236 
of!I!(Köhler!et!al!2010,!PALAEOSENS!2012),!or!approximated!ΔR[LI]!as!a!linear!237 
function!of!sea!level!(Hansen!et!al!2008,!Martinez\Boti!et!al!2015),!and!therefore!238 
were!primed!to!miss!the!state\dependence!detected!by!Köhler!et!al!(2015).!More!239 
recently,!a!similar!non\linear!relationship!between!global!temperature!change!240 
and!radiative!forcing!was!found!in!784\kyr\long!simulation!results!from!an!Earth!241 
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system!model!of!intermediate!complexity,!which!also!suggests!state!dependence!242 
of!climate!sensitivity!(Friedrich!et!al!2016).!243 
!244 
A!key!cause!of!state!dependence!of!climate!sensitivity!–!especially!with!respect!to!245 
slow!feedbacks!–!concerns!change!in!the!efficacy!of!one!or!more!of!these!246 
feedbacks!under!different!climate!states,!meaning!that!the!radiative!contribution!247 
of!these!processes!changes!through!time.!For!example,!a!similar!unit!area!of!ice!248 
has!a!stronger!radiative!impact!at!lower!latitudes!than!at!higher!latitudes;!i.e.,!the!249 
efficacy!of!the!ice\albedo!feedback!may!be!noticeably!stronger!for!lower\latitude!250 
ice!than!for!higher\latitude!ice.!This!notion!has!implications!for!palaeoclimate!251 
sensitivity!studies!in!which!maximum!versus!intermediate!glaciation!states!are!252 
considered.!In!another!example,!large\scale!clustering!of!continental!mass!at!low!253 
latitudes!in!the!Neoproterozoic!supercontinent!of!Rodinia!is!thought!to!have!254 
amplified!the!difference!between!continental!reflection!and!sea\surface!255 
absorption!of!incoming!solar!radiation,!relative!to!distributions!with!more!256 
continental!mass!at!higher!latitudes,!which!facilitated!major!global!cooling!that!257 
eventually!led!to!Snowball!Earth!(Kirschvink!1992),!although!this!influence!258 
remains!contested!(Poulsen!et!al!2002).!But!state!dependence!of!climate!259 
sensitivity!may!also!result!from!less!obvious!changes!that!–!in!particular!for!fast!260 
feedbacks!–!are!not!necessarily!well!approximated!in!terms!of!efficacy!changes.!261 
Among!these,!variations!in!cloud!coverage!and!types!are!among!the!least!262 
understood!parameters!in!palaeoclimate!studies,!even!though!they!likely!exerted!263 
a!major!control!on!both!albedo,!and!retention!of!outgoing!long\wave!radiation!264 
(e.g.,!Bony!et!al!2015,!Zhou!et!al!2016).!!265 
!266 
So!far,!it!is!virtually!impossible!to!develop!a!comprehensive!view!of!past!efficacy!267 
changes!for!most!feedbacks.!This!complicates!reconstruction!of!state!268 
dependence!in!palaeodata\based!studies.!A!pragmatic!solution!is!therefore!269 
needed.!One!approach!assumes!constant!efficacies!for!all!feedbacks,!and!then!270 
assesses!whether!calculated!equilibrium!climate!sensitivities!appear!to!have!271 
been!constant!or!variable!with!climate!background!state.!Any!inferred!variations!272 
subsequently!become!targets!for!investigating!potential!variability!of!feedback!273 
efficacies.!Alternatively,!hybrid!approaches!are!possible,!in!which!feedback!274 
efficacies!through!time!are!assessed!with!climate!models.!But!this!introduces!275 
potential!model!bias!into!the!primarily!observation\based!estimates,!so!that!276 
subsequent!comparisons!with!model\based!results!become!somewhat!circular.!!277 
!278 
In!the!next!section,!we!use!highly!idealised!examples!to!graphically!illustrate:!(a)!279 
the!controls!on!palaeoclimate!sensitivity!probability!distributions;!(b)!the!280 
limitations!due!to!data!availability!issues!that!affect!approximations!of!Sa!using!281 
S[sf]!in!palaeodata\based!studies;!and!(c)!how!state\dependence!due!to!temporal!282 
changes!in!feedback!efficacy!may!factor!into!the!reconstructed!probability!283 
distributions.!!284 

3.#Actuo6#versus#palaeo6climate#sensitivity#285 
As!a!first!step!toward!more!precise!assessments!of!climate!sensitivity,!286 
PALAEOSENS!(2012)!advocated!strict!adherence!to!specific!definitions,!to!avoid!287 
conflating!information!that!applies!over!different!timescales!and!different!288 
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climate!background!states,!as!tends!to!occur!in!broadly!generalised!approaches!289 
(Pagani!et!al!2010,!Snyder!2016).!However,!while!the!PALAEOSENS!(2012)!290 
framework!may!ensure!like\for\like!comparisons,!it!still!involves!choices!and!291 
assumptions!that!may!affect!the!outcome!(e.g.,!Skinner!2012).!In!consequence,!292 
climate!sensitivity!is!more!a!“moving!target”!than!a!unique!fixed!number,!293 
depending!on!the!choices!and!assumptions!made,!and!on!the!timescales!and!294 
climate!background!states!over!which!it!is!considered.!Also!from!the!point!of!295 
view!of!dynamical!systems!theory,!climate!sensitivity!is!more!likely!a!probability!296 
distribution!than!a!single!number!(von!der!Heydt!&!Ashwin!2016),!where!the!297 
distribution!arises!not!from!randomness!or!observational!errors,!but!from!the!298 
actual!climate!system!dynamics!that!exhibit!state\dependent!behaviour!through!299 
their!fast!feedback!processes.!Thus,!pertinent!questions!remain!about!the!extent!300 
to!which!a!determination!of!S[sf]!may!provide!insight!into!the!Sa!that!is!relevant!to!301 
anthropogenic!forcing.!We!explore!this!with!simple,!schematic!and!idealised!302 
graphic!example!scenarios.!!303 
!304 
Different!from!most!modelling!approaches!to!climate!sensitivity,!we!consider!305 
here!a!time\dependent!climate!sensitivity!S(t)!to!reflect!both!short\term!306 
variations!and!longer\term!background\state!dependence!of!S.!We!follow!the!307 
general!principles!laid!out!before!(PALAEOSENS!2012),!where!S!is!determined!308 
by!the!radiative!balance!of!the!planet!and!different!feedbacks!enhance!or!309 
dampen!the!initial!temperature!response:!310 
!311 
! = !"

!" =
!!

!!! !!
!!

!!! ! !!!!
!!!

! ! ! ! ! (1)!312 

!313 
Here!the!λ!terms!refer!to!the!strength!of!different!feedback!processes!(in!terms!314 
of!a!“feedback!factor,”!in!Wm–2K–1),!sorted!by!the!time!scale!on!which!they!act:!λP!315 
reflects!the!change!in!long\wave!radiation!in!the!absence!of!other!feedbacks!(the!316 
so\called!“Planck”!feedback),!and!superscripts!f!and!s!denote!N!fast!and!M%slow!317 
feedback!processes,!respectively.!Note!that!equation!(1)!includes!the!sum!of!slow!318 
feedbacks!(third!term!in!the!denominator),!which!is!the!version!applicable!for!319 
calculating!palaeo\climate!sensitivity!in!the!PALAEOSENS!(2012)!framework.!For!320 
actuo\climate!sensitivity,!that!sum!of!slow!feedbacks!is!omitted!from!the!321 
denominator.!322 
!323 
!324 
Generally,!feedback!factors!are!assumed!to!be!constant.!However,!to!reflect!state!325 
dependence!of!feedbacks,!a!time\dependent!climate!sensitivity!S(t)!results!from!326 
the!fact!that!both!λf!and!λs!can!be!time!dependent.!For!example,!state!dependence!327 
of!fast!feedback!processes!as!inferred!between!glacial!and!interglacial!periods!328 
(von!der!Heydt!et!al!2014)!may!be!represented!by!a!(long!time\scale)!variation!of!329 
λf(t).!The!different!response!times!in!all!feedback!factors!can!be!reflected!by!a!330 
delayed!growth!of!the!feedback!factors!for!those!processes!with!slower!331 
timescales.!First!details!in!this!direction!were!published!by!Zeebe!(2013),!where!332 
the!slow!feedback!processes!(λs)!were!assumed!to!grow!from!zero!to!their!full!333 
strength!after!a!certain!time!delay.!!334 
!335 
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We!adopt!a!similar!approach!with!focus!on!changes!in!the!time\domain.!336 
However,!our!schematic!scenarios!build!up!the!argument!in!terms!of!simple!337 
prescribed!functions!for!the!radiative!contributions!(ΔR)!from!the!various!338 
processes,!rather!than!in!terms!of!feedback!responses.!This!is!done!because!we!339 
aim!to!graphically!compare!palaeo\!with!actuo\scenarios,!and!for!palaeo\340 
scenarios!the!data!more!directly!resolve!ΔR!contributions!(Hansen!et!al!2007,!341 
2008,!Köhler!et!al!2010,!Masson\Delmotte!et!al!2010,!Rohling!et!al!2012).!342 
!343 
Our!actuo\scenario!(section!3.1)!and!palaeo\scenario!(section!3.2)!represent!344 
processes!that!control!changes!in!the!radiative!balance!of!climate!by!means!of!345 
simple!prescribed!sigmoidal!response!functions,!with!random,!uniformly!346 
distributed,!uncertainty!ranges!that!are!evaluated!in!a!Monte\Carlo\style!347 
approach!of!1000!separate!instances.!Each!response!function!describes!a!348 
schematic!time\dependent!development!of!a!radiative!anomaly,!in!which!a!phase!349 
of!exponentially!increasing!growth!from!zero!is!followed!(in!a!symmetrical!350 
manner!through!time)!by!a!phase!of!exponentially!decreasing!growth!until!351 
settling!at!the!stipulated!maximum!radiative!impact!of!the!process!considered.!352 
The!various!response!functions!are!then!summed!up,!giving!a!median!record!of!353 
total!radiative!change!over!time,!and!an!uncertainty!range,!based!on!percentile!354 
ranges!across!all!Monte\Carlo!instances.!A!rough!scaling!is!worked!out!for!each!355 
instance!to!calibrate!the!record!of!total!radiative!change!to!one!of!total!356 
temperature!change!over!time.!This!temperature!record!is!then!used!in!a!ratio!357 
relative!to!the!records!for!component!sums!ΔR[ff]!and!ΔR[sf],!to!estimate!the!358 
implied!Sa!and!S[sf],!respectively.!359 
!360 
Although!our!radiative!response!functions!are!simple!prescribed!functions!361 
rather!than!fully!interactive!feedback!processes,!we!aim!to!use!reasonably!362 
realistic!amplitude!scalings!(efficacies)!for!the!contributing!radiative!(feedback)!363 
processes!in!both!the!actuo\!and!palaeo\scenarios,!based!on!published!numbers!364 
for!modern!climate!and!for!Pleistocene!glacial\interglacial!cycles.!Yet!we!365 
emphasise!that!the!scenarios!may!not!be!viewed!as!in\depth!analyses,!since!they!366 
do!not!comprehensively!represent!the!interactive!physics!of!the!climate!system.!367 
Including!the!latter!would!deeply!entangle!the!idealised!results!shown!here,!and!368 
confound!relationships!between!the!various!climate!sensitivity!definitions!and!369 
their!underlying!processes.!This!would!make!it!more!difficult!to!visualise!the!370 
potential!impacts!of!issues!such!as!limited!data!availability,!unknown!past!371 
processes,!and!fundamental!uncertainties.!Our!idealised!example!scenarios!guide!372 
the!discussion!by!visualising!such!impacts!(sections!4.1!and!4.2).!Finally,!given!373 
that!our!approach!–!which!draws!on!proxy\based!palaeo\reconstructions!of!374 
radiative!forcing!anomalies!(ΔR)!to!calculate!temperature!change!(ΔT)!and!375 
climate!sensitivity!(S)!–!may!be!less!familiar!to!climate!modellers,!we!end!the!376 
discussion!with!an!illustration!of!how!the!importance!of!the!time\domain!might!377 
be!addressed!in!a!feedback\focussed!analysis!framework!(section!4.3).!!378 

3.1.)Illustrative)scenario)for)actuo3climate)sensitivity)379 
For!the!actuo\climate!scenario,!we!consider!that!–!for!any!given!trigger!(e.g.,!380 
greenhouse\gas!emissions)!–!a!sequence!develops!of!delayed!temperature!381 
responses!(indicated!with!δ)!and!radiative!feedback!responses!(indicated!with!382 
ΔR),!all!with!their!own!timescales!and!amplitudes.!Key!responses!to!be!taken!into!383 
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account!are!the!direct!warming!effect!of!the!emissions,!the!associated!outgoing!384 
long\wave!radiation!cooling!response!(the!Planck!response),!and!other!typical!385 
“very!fast!feedbacks”!that!include!changes!in!water\vapour!content,!atmospheric!386 
lapse\rate,!and!cloud!albedo.!All!of!these!operate!quasi\immediately!and!are!here!387 
rolled!into!one!term!that!also!includes!the!impact!of!a!single!greenhouse!gas!388 
introduction!within!the!first!year!(ΔR[T2]),!since!separating!these!impacts!is!not!389 
needed!for!the!simple!scenarios!considered.!!390 
!391 
We!scale!the!total!of!the!initial!forcing!to!3.7!Wm–2,!based!on!the!sum!of!the!392 
modern!effective!climate!forcings!for!CO2,!CH4,!CFCs,!N2O,!and!O3!through!2015!393 
(Hansen!et!al!2016)!(Figure!2).!Note!that!this!is!different!in!nature!–!but!394 
confusingly!similar!in!magnitude!–!to!common!estimates!given!for!the!radiative!395 
forcing!of!a!doubling!of!CO2!concentrations.!We!assign!to!this!forcing!a!uniformly!396 
distributed!uncertainty!range!of!±10%!to!span!the!reported!±0.3!Wm–2!range!of!397 
observations!(Figure!2).!We!partition!this!3.7!Wm–2!(±10%)!in!a!simple!manner,!398 
into:!(a)!a!virtually!instantaneous!response!of!60%!(ΔR[T2]!=!2.2!Wm–2)!in!year!1;!399 
(b)!a!somewhat!slower!response!of!(arbitrarily!set)!10%!due!to!snow!and!sea\ice!400 
albedo!adjustment!over!a!few!decades!(ΔR[SSI]!=!0.4!Wm–2);!and!(c)!a!delayed!401 
temperature!response!of!30%!caused!by!surface!ocean!and!deep!ocean!heat!402 
uptake!(δ[SO]!+!δ[DO]!=!1.1!Wm–2)!(Table!1).!The!latter!is!based!on!an!observed!403 
cumulative!ocean!heat!uptake!of!about!125×1021!J!between!2000!and!2010!(IPCC!404 
2013,!Whitmarsh!et!al!2015).!We!simply!partition!this!50:50!between!surface!405 
and!deep,!although!in!reality!the!observed!(and!CMIP5!simulations!confirmed)!406 
cumulative!ocean!heat!uptake!over!the!industrial!era!is!unequally!distributed,!407 
with!about!33×1022!J!in!the!upper!700!m!of!the!ocean,!and!10×1022!J!and!7×1022!J!408 
in!700\2000m!and!deeper,!respectively!(Gleckler!et!al!2016).!The!final!fast!409 
feedback!considered!(ΔR[AE])!involves!the!albedo!impacts!of!aerosol!and!land\410 
surface!changes,!with!timescales!up!to!a!few!decades.!We!scale!ΔR[AE]!to!–1.2!411 
Wm–2!based!on!the!effective!climate!forcing!of!aerosol!and!surface!albedo!412 
through!2015!(Hansen!et!al!2016),!and!we!capture!the!reported!uncertainties!413 
with!a!generous,!uniformly!distributed,!uncertainty!range!of!±50%!(Figure!2;!414 
Table!1).!Note!that,!by!including!the!present\day!effect!of!aerosols,!our!approach!415 
is!not!easily!comparable!with!GCM\based!results!for!ECS!(typically!obtained!from!416 
2xCO2!experiments),!since!aerosol!impacts!are!not!commonly!included!in!those!417 
simulations.!But!aerosols!are!an!important!aspect!of!real\life!climate!change,!and!418 
ignoring!them!would!skew!results.!419 
!420 
The!fast!responses!ΔR[T2],!ΔR[SSI],!and!ΔR[AE],!are!followed!by!the!influences!of!421 
delayed!surface\ocean!(upper!2000!m)!heat!uptake!(δ[SO])!and!carbon\cycle!422 
feedbacks!such!as!permafrost!or!wetland!releases!of!methane!(ΔR[CFB]),!over!423 
timescales!of!up!to!a!few!centuries.!Then!follow!even!slower!responses,!related!424 
to!deep\ocean!(>!2000!m)!heat!uptake!over!a!millennium!or!two!(δ[DO]),!albedo!425 
changes!due!to!large\scale!reorganisations!of!vegetation!that!may!occur!over!426 
many!centuries!(ΔR[VG]),!and!multi\century!to!millennial\scale!(Grant!et!al.,!2014)!427 
continental!ice\sheet!albedo!adjustments!(ΔR[LI]).!The!amplitudes!of!δ[SO]!and!428 
δ[DO]!were!discussed!above,!ΔR[CFB]!is!arbitrarily!set!to!5%!of!ΔR[T2],!and!ΔR[VG]!is!429 
arbitrarily!set!to!5%!of!the!sum!ΔR[T2]+%ΔR[AE].!Both!ΔR[CFB]!and!ΔR[VG]!are!430 
assigned!uniformly!distributed!uncertainty!ranges!of!±50%.!431 
!432 
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For!ΔR[LI],!we!rely!on!suggestions!that!–!as!long!as!CO2!levels!remain!well!below!433 
about!750!ppm!(DeConto!&!Pollard!2016)!–!ice\sheet!changes!affect!sea!levels!up!434 
to!about!20!m!above!the!present!(Foster!&!Rohling!2013,!Rohling!et!al!2013,!435 
Gasson!et!al!2016).!We!use!a!median!adjustment!of!10!m!sea\level!rise!for!our!436 
scenario,!in!agreement!with!peak!values!for!the!previous!(Eemian)!interglacial!437 
when!temperatures!rose!to!around!1!°C!above!present!(see!discussions!in!438 
Hansen!et!al!2013a,!2016,!Hoffman!et!al!2017).!Reconstructions!for!palaeo\439 
scenarios!infer!that!the!radiative!impacts!of!ice\sheet!decay!equal!about!3!Wm–2!440 
per!125!m!equivalent!sea\level!rise!(Hansen!et!al!2008,!Köhler!et!al!2010,!441 
Rohling!et!al!2012).!There!remains!considerable!uncertainty!with!this!number.!442 
Using!3D!ice\sheet!models,!Köhler!et!al!(2015)!find!4!Wm–2.!Friedrich!et!al!443 
(2016)!report!only!1.5!Wm–2,!likely!related!to!a!smaller!simulated!albedo!change!444 
between!land\ice\covered!conditions!and!no\ice!conditions!relative!to!that!used!445 
in!Köhler!et!al!(2015).!We!use!a!uniformly!distributed!uncertainty!of!±50%!to!446 
ΔR[LI],!to!allow!a!uniform!range!between!1.5!and!4.5!Wm–2!for!a!125\m\447 
equivalent!sea\level!change,!which!spans!the!estimates!in!the!literature.!Hence,!448 
we!set!the!median!ΔR[LI]!in!the!actuo\scenario!to!3×(10/125)!Wm–2,!for!sea\level!449 
rise!up!to!+10!m.!We!accept!that!use!of!this!linear!approximation!of!ΔR[LI]!from!450 
sea\level!change!obscures!a!potentially!important!non\linearity!of!the!climate!451 
system,!which!may!underpin!state\dependence!in!S[CO2,LI]!over!the!last!2!Myr!452 
(Köhler!et!al!2015).!453 
!454 
For!each!process,!the!aforementioned!idealised!signal\development!curve!uses!455 
the!standard!functional!form!456 
!457 
!"(!) = (!!!!)

!!! !! !
!!!!!!!

!! ! ! ! ! ! (2)!458 

!459 
Here!h!is!the!total!signal!amplitude!(Table!1,!with!range!as!stated),!t!is!time,!τ!is!460 
the!timescale!of!full!response!(Table!1,!with!range!as!stated),!!!is!a!translation!461 
constant!(set!to!0.5)!to!ensure!that!signals!start!at!t!=!0,!and!c!is!an!acuteness!462 
constant!(set!to!14)!to!ensure!that!full!signal!amplitude!is!achieved!over!463 
timescale!τ.!We!run!equation!(2)!for!each!process!in!a!Monte\Carlo\style!manner!464 
(n=1000),!with!random!perturbations!over!the!uniformly!distributed!uncertainty!465 
ranges!to!both!h!and!τ!(εh!and!ετ!in!Table!1).!Note!that!we!chose!uniform!466 
distributions!because!the!uncertainties!do!not!so!much!represent!standard!467 
random!error!distributions!around!a!mean,!as!ranges!within!which!parameter!468 
values!may!systematically!shift!(efficacy!changes)!in!relation!to!changes!in!the!469 
climate!background!state.!We!then!add!all!instances!up!across!all!processes!to!470 
yield!the!cumulative!radiative!response,!and!determine!the!median!along!with!471 
the!2.5th!and!97.5th!percentiles!that!delineate!the!95%!probability!bounds!472 
(Figure!3a!–!note!that!probability!bounds!are!only!shown!for!the!cumulative!473 
total,!to!avoid!clutter).!%474 
!475 
Next,!we!roughly!scale!the!cumulative!radiative!response!distribution,!ΔR[tot](t),!476 
to!a!distribution!of!total!temperature!change!through!time,!ΔT(t)!(Figure!3b),!477 
assuming!a!constant!amount!of!temperature!change!per!Wm–2!of!radiative!478 
change,!regardless!of!the!process.!A!rough!scaling!is!sufficient!because!we!are!not!479 
attempting!to!model!reality,!but!only!to!create!a!graphic!illustration!scenario.!480 
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Our!approach!scales!each!individual!Monte\Carlo!instance’s!sum!of!completed!481 
radiative!contributions!by!fast!forcings/feedbacks!(ΔR[ff]!=!ΔR[T2]!+!ΔR[SSI]!+!482 
ΔR[AE])!at!the!time\point!of!calibration!(tcal,!where!all!fast!responses!are!483 
completed;!blue!bar!in!Figure!3a),!to!a!prescribed!temperature!change,!ΔTtcal.!In!484 
the!actuo\scenario,!ΔTtcal!is!randomly!drawn!from!a!normal!distribution!with!a!485 
mean!of!1!°C!and!1σ!of!0.1°C,!in!approximation!of!the!current!amount!of!global!486 
warming!in!response!to!the!net!radiative!change!due!to!forcing!(greenhouse\gas!487 
emissions)!and!fast!feedbacks!(Hansen!et!al!2016,!2013a,!IPCC!2013).!This!yields!488 
stcal!=!ΔTtcal%/%ΔR[ff]%tcal,!which!in!turn!gives!the!time\series!of!temperature!change!489 
using!ΔT(t)%=!ΔR[tot](t)%×%stcal,%with!propagation!of!all!uncertainties!in!the!various!490 
ΔR!terms!and!in!ΔTtcal!across!all!Monte\Carlo!instances!(Figure!3b).!!491 
!492 
We!now!have!ΔR[ff](t)%and!ΔT(t)!(Figure!3a,b).!This!allows!estimation!of!time\493 
dependent!climate!sensitivity!parameter!S(t)!=!ΔT(t)%/%ΔR[ff](t)!(Figure!3c).!494 
Because!ΔT(t)%develops!in!response!to!the!action!of!all!forcings/feedbacks!495 
(ΔR[tot](t)!=!ΔR[ff](t)!+!ΔR[sf](t)),!while!S(t)!depends!only!on!ΔR[ff](t),!the!496 
reconstruction!of!S(t)!continues!to!vary!after!completion!of!the!fast!processes.!497 
The!conceptual!“equilibrium”!value!Sa!is!achieved!when!surface\ocean!warming!498 
has!completed,!while!slow!feedbacks!have!not!yet!become!important!499 
(PALAEOSENS!2012),!hence!Sa!is!best!identified!at!t!=!200!y!in!our!scenario.!Its!500 
range!reflects!propagation!of!all!uncertainties!in!all!input!variables,!and!we!501 
constrain!95%!probability!bounds!using!2.5th!and!97.5th!percentiles!across!all!502 
1000!instances.!Histograms!for!Sa!are!given!in!red!in!Figure!4.!503 
!504 
However,!there!is!a!complication.!By!t!=!200!y,!the!scenario’s!relatively!rapid!505 
carbon\cycle!feedbacks!(ΔR[CFB])!have!come!into!play.!This!illustrates!the!506 
complexity!of!using!a!stationary!definition!to!diagnose!a!complex,!dynamic,!and!507 
interconnected!system.!At!t!=!200,!we!therefore!read!values!of!Sa!calculated!with!508 
(dashed!red!in!Figure!4)!and!without!(solid!red!in!Figure!4)!explicitly!accounting!509 
for!ΔR[CFB].!While!possible!in!our!simple!scenario,!explicitly!accounting!for!ΔR[CFB]!510 
is!difficult!in!reality!because!it!requires!knowledge!of!the!proportion!of!carbon!511 
derived!from!feedbacks,!relative!to!that!of!anthropogenic!external!carbon!input!512 
into!the!climate!system.!Hence,!the!solid!red!line!in!Figure!4!is!more!relevant!513 
practically.!The!real!climate!system!contains!more!of!such!processes,!including!514 
changes!in!oceanic!carbon!uptake!efficiency!in!response!to!changes!in!the!515 
oceanic!temperature!and!carbon!cycle:!our!simple!scenario!illustrates!the!516 
impacts!of!such!issues,!but!is!not!all\inclusive.!517 
!518 
Sa!at!about!t!=!200!y!still!does!not!reflect!the!actuo\scenario’s!full!development!in!519 
response!to!the!initial!forcing!discussed!above.!Even!without!further!external!520 
forcing,!temperature!continues!to!change!(first!increase,!then!decrease)!because!521 
the!impacts!of!slow!processes!come!into!play.!In!our!scenario,!the!key!slow!522 
processes!(δ[DO],!ΔR[VG],!and!ΔR[LI])!reach!completion!after!about!1000!years!(for!523 
the!land\ice\volume!component!in!reality,!this!may!be!too!fast,!given!that!524 
adjustment!over!~3000!years!has!been!suggested!by!modelling!studies;!Clark!et!525 
al!2016).!From!about!t!=!3000!years,!carbonate!compensation!becomes!a!player!526 
as!the!first!of!the!very!slow!Earth!system!responses!(eventually!including!also!527 
weathering)!that!slowly!remove!the!carbon.!We!portray!the!“peak”!value!of!S(t)!528 
(here!named!Smax)!using!the!distribution!between!t!=!1000!to!3000!y.!Results!are!529 
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presented!as!solid/dashed!blue!histograms!in!Figure!4!(without/with!explicitly!530 
accounting!for!ΔR[CFB],!respectively).!If!the!ΔR[LI]!adjustment!time!were!stretched!531 
to!~3000!years!(cf.,!Clark!et!al!2016),!Smax!would!be!a!narrower!peak!of!similar!532 
amplitude,!centred!on!t!=!3000!y.!533 

3.2.)Illustrative)scenario)for)palaeo3climate)sensitivity)534 
Palaeo\climate!sensitivity!is!approached!differently.!It!relies!on!quantification!of!535 
the!slow!feedbacks;!notably!those!associated!with!carbon\cycle!changes!as!536 
expressed!in!greenhouse\gas!records!(ΔR[GHG]),!with!continental!land\ice!albedo!537 
changes!(ΔR[LI]),!and!with!vegetation\albedo!changes!(ΔR[VG]).!As!outlined!before,!538 
these!slow!feedbacks!are!effectively!considered!as!forcings,!and!their!sum!(ΔR[sf])!539 
is!used!to!approximate!the!sum!of!fast!feedbacks!(ΔR[ff]).!The!development!with!540 
time!in!palaeo\climate!sensitivity!is!then!estimated!as!S[sf](t)!=!!ΔT(t)%/!ΔR[sf](t).!541 
Within!that!time\series,!equilibrium!palaeo\climate!sensitivity!is!identified!as!542 
S[sf],!and!is!reached!after!all!slow!feedbacks!have!reached!completion.!543 
!544 
Conceptually,!no!immediate!agreement!might!be!expected!between!actuo\!and!545 
palaeo\climate!sensitivity!estimates!because!they!are!determined!from!processes!546 
operating!over!very!different!time!scales,!with!different!assumptions!and!547 
uncertainties.!For!example,!past!climate!variations!were!not!adjustments!to!very!548 
rapid,!high\amplitude!perturbations!along!the!lines!of!actuo\climate!549 
adjustments,!but!were!triggered!by!slowly!developing!processes!such!as!orbital!550 
forcing,!with!timescales!of!many!thousands!of!years.!Hence,!palaeoclimate!551 
records!reflect!co\evolving!changes!in!all!climate\regulating!processes!(bar!the!552 
very!slowest!ones,!such!as!plate\tectonics)!either!in,!or!near!to,!equilibrium!with!553 
the!changing!forcing.!In!consequence,!most!studies!based!on!time\series!of!554 
temperature!and!slow\feedback!change!directly!find!the!equilibrium!value!S[sf],!555 
although!this!may!not!be!true!in!highly!resolved!studies!over!centennial\to\556 
millennial\scale!climate!fluctuations!(see!below).!In!addition,!palaeoclimate!557 
records!represent!an!integration!of!all!feedback!processes;!e.g.,!not!only!is!the!558 
temperature!response!to!CO2!changes!included,!but!also!the!CO2!response!to!559 
temperature!changes.!Our!simple!palaeo\scenario!allows!such!complications!to!560 
be!teased!apart,!to!gauge!over!what!timescales!signals!need!to!be!considered!to!561 
approximate!the!desired!“equilibrium!sensitivity”,!and!what!the!consequences!562 
would!be!of!pushing!reconstructions!from!palaeodata!into!shorter!timescales.!563 
!564 
For!scale!and!duration!of!the!processes!in!our!palaeo\scenario,!we!draw!on!565 
studies!of!glacial!cycles!of!the!last!800,000!years.!As!such,!this!scenario!may!be!566 
seen!as!a!rough!approximation!of!a!deglaciation.!Deglaciations!were!triggered!by!567 
orbital!forcing!of!climate,!and!in!particular!by!changes!in!northern!hemisphere!568 
summer!insolation!(Hays!et!al!1976).!Orbital!forcing!involves!minor!annual\569 
mean!global\mean!forcing!(<<0.5!Wm–2),!but!sets!up!considerable!gradients!on!570 
spatial!(latitudinal)!and!seasonal!scales.!For!very!long,!it!was!not!exactly!571 
understood!how!these!triggered!deglaciations!(Shackleton!2000,!Denton!et!al!572 
2010,!Abe\Ouchi!et!al!2013),!although!the!timing!relationship!was!reasonably!573 
clear!(Hays!et!al!1976,!Cheng!et!al!2016).!Recently,!a!simple!model!has!related!574 
every!deglaciation!of!the!last!one!million!years!to!the!crossing!of!summer!575 
insolation!through!a!simple!threshold!(Tzedakis!et!al!2017).!576 
!577 
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Our!palaeo\scenario!considers!an!idealised!sequence!of!events!inspired!by!data!578 
for!the!penultimate!glacial!termination!(Marino!et!al!2015,!Holloway!et!al!2016)!579 
because!this!termination!avoids!the!greater!complexity!of!the!last!deglaciation,!580 
yet!still!has!the!requisite!chronological!control!for!the!relevant!climate!records!581 
(Billups!2015,!Marino!et!al!2015).!Following!the!initial!perturbation!(orbital!582 
forcing)!and!fast!responses,!continental!ice\volume!changes!over!thousands!of!583 
years!drove!the!further!feedback!responses!mainly!through!bipolar!temperature!584 
see\saw!processes!(Stocker!1998,!Stocker!&!Johnsen!2003)!that!led!to!rapid!585 
Southern!Ocean!warming!and!sea\ice!reduction,!CO2!outgassing,!warming!and!586 
vapour!feedbacks,!etc.!Here!we!include!aerosol!changes!in!that!suite!as!well,!587 
despite!a!lack!(so!far)!of!unequivocal!empirical!evidence!of!that!particular!588 
coupling.!There!is!no!unambiguous!empirical!evidence!about!the!phase!589 
relationship!of!global!mean!vegetation!responses!to!ice\volume!changes,!either.!590 
But!given!that!we!seek!only!to!formulate!an!illustrative,!idealised!scenario,!we!591 
simply!assume!that!key!vegetation!changes!take!place!within!centuries!following!592 
land\ice!changes.!!593 
!594 
The!orbital\forcing!component!is!ignored!here!because!of!our!focus!on!annual\595 
mean!global\mean!forcing.!But!it!is!important!in!that!it!triggers!feedback!596 
responses!in!the!climate!system!that!start!directly!when!climate!begins!to!597 
change;!some!develop!rapidly!and!others!develop!slowly.!For!example,!small,!598 
regionally/seasonally!focussed!warming!due!to!orbital!forcing!triggers!sea\ice!599 
retreat!as!well!as!changes!in!surface!albedo!and!air\sea!carbon!exchange,!which!600 
drive!further!warming,!etc.!Thereafter,!the!slow!feedbacks!come!into!action,!such!601 
as!land\ice!and!vegetation!albedo!changes.!When!that!happens,!fast!processes!602 
keep!interacting!with!slow!feedbacks.!Palaeo\reconstructions!cannot!distinguish!603 
fast!responses!associated!with!slow!processes!from!the!slow!processes!604 
themselves,!or!indeed!the!acceleration!of!slow!processes!due!to!associated,!605 
superimposed!fast!responses.!Note!that!similar!interactions!occur!in!actuo\606 
climate!changes,!but!our!simple!actuo\scenario!avoids!this!issue!by!pragmatically!607 
viewing!the!stipulated!slow!feedback!influences!as!effective!net!impacts.!Doing!608 
so!in!the!palaeo\scenario!would!divorce!our!scenario!too!much!from!the!palaeo\609 
reconstructions,!in!which!temperature!(and!fast!feedbacks)!closely!co\evolve!610 
over!thousands!of!years!with!the!slow!feedbacks!(e.g.,!Rohling!et!al!2009,!Grant!611 
et!al!2012,!Grant!et!al!2014).!Because!our!simple!palaeo\scenario!cannot!resolve!612 
such!interactions!(a!dynamic!model!would!be!needed),!we!instead!include!a!613 
crude!representation!by!evaluating!the!contribution!of!fast!feedbacks!to!614 
palaeoclimate!change!as!a!two\staged!development.!One!stage!stands!for!the!615 
initial!responses!(indicated!in!Table!2!with!i!in!the!parameter!names),!and!the!616 
other!is!the!subsequent!fast\feedback!response!(indicated!with!r)!associated!617 
with!development!of!the!dominant!slow!continental!land\ice!feedback!(ΔR[LI]).!618 
We!tentatively!set!0.15:0.85!proportionalities!for!this,!respectively.!The!619 
proportionality!is!crudely!inspired!by!early!(initial)!CO2!jumps!that!pre\date!620 
significant!ice!volume/sea!level!responses,!at!around!16.3,!14.8,!and!11.7!621 
thousand!years!ago,!with!CO2!levels!in!each!case!jumping!abruptly!by!about!15%!622 
of!the!total!deglacial!change!(Lambeck!et!al!2014,!Marcott!et!al!2014).!623 
!624 
To!obtain!S[sf],!slow!feedbacks!are!effectively!considered!as!climate!forcings!in!625 
the!PALAEOSENS!(2012)!framework.!Our!scenario!considers!the!total!626 
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greenhouse\gas!forcing!component!ΔR[GHG].!In!palaeodata!studies,!this!can!be!627 
determined!from!records!of!greenhouse\gas!changes!(notably!from!ice!cores).!628 
These!integrate!all!carbon\cycle!feedbacks,!including!carbonate!compensation!629 
and!weathering,!which!therefore!need!not!be!considered!separately.!We!then!630 
add!the!continental!land\ice!albedo!effect,!which!can!be!found!from!sea\level!631 
reconstructions,!giving!ΔR[GHG]%+%ΔR[LI].!Finally,!the!slow!vegetation\albedo!632 
feedback!(ΔR[VG])!should!be!similarly!accounted!for,!but!this!is!substantially!633 
challenged!by!an!absence!of!good,!global!data!coverage,!which!definitely!needs!634 
addressing!through!future!research.!To!date,!hardly!any!palaeostudies!have!635 
accounted!for!ΔR[VG]!(Friedrich!et!al!(2016)!is!an!exception),!and!we!assess!the!636 
implications!by!showing!results!that!either!include!or!exclude!ΔR[VG].!637 
!638 
We!roughly!“calibrate/scale”!our!palaeo\scenario!on!the!basis!of!values!for!the!639 
radiative!forcings!and!feedbacks!compiled!by!Rohling!et!al!(2012)!and!(Köhler!et!640 
al!2010)!(Table!2),!with!a!total!median!value!of!3!Wm–2!for!ΔR[LI]!(see!section!3.1!641 
for!discussion)!and!2.5!Wm–2!for!ΔR[GHG].!We!use!ΔR[VG]!=!1!Wm–2,!in!agreement!642 
with!Friedrich!et!al!(2016).!We!assume!that!the!PALAEOSENS!(2012)!643 
assumption!that!ΔR[ff]!is!proportional!ΔR[sf]!holds!true!over!timescales!of!more!644 
than!a!few!thousand!years.!On!shorter!timescales,!it!cannot!be!correct!since!fast!645 
feedbacks!dominate!at!first,!while!slow!feedbacks!become!important!at!a!later!646 
stage!(our!results!illustrate!this).!Proportional!contributions!of!individual!fast!647 
responses!are!irrelevant!here!because!our!assessment!always!considers!their!648 
summed!value,!but!just!for!illustration’s!sake!we!have!made!an!attempt!at!649 
reasonably!apportioning!them!(Table!2).!The!total!median!range!of!ΔR[AE]!is!650 
estimated!at!around!1.5!Wm–2,!and!for!snow!and!sea\ice!albedo!we!use!ΔR[SSI]!=!2!651 
Wm–2,!based!on!discussions!in!Rohling!et!al!(2012)!and!(Köhler!et!al!2010).!This!652 
leaves!3!Wm–2!for!the!outgoing!long\wave!radiation!response,!water\vapour!653 
content,!atmospheric!lapse\rate,!cloud!albedo,!etc.!(all!captured!within!one!term,!654 
ΔR[T2]).!All!radiative!terms!are!assigned!±50%!uncertainties!using!uniform!655 
distributions.!The!palaeo\scenario!omits!δ[SO]!and!δ[DO]!because!palaeodata!only!656 
yield!total!temperature!response,!which!includes!these!factors.!657 
!658 
The!median!and!95%!uncertainty!limits!(2.5th!and!97.5th!percentiles)!are!659 
determined!from!our!Monte\Carlo!statistics!(n=1000)!for!the!sum!of!all!660 
completed!forcings/feedbacks!(ΔR[tot]!=!ΔR[ff]!+!ΔR[sf])!(Figure!5a).!From!this,!we!661 
determine!ΔT(t)!!(Figure!5b),!assuming!a!constant!amount!of!temperature!662 
change!per!Wm–2!of!radiative!change.!To!do!so,!we!scale!each!Monte\Carlo!663 
instance’s!sum!of!all!completed!radiative!contributions!(ΔR[tot]),!taken!at!tcal!=!664 
10,000!y!(blue!bar!in!Figure!5a),!to!a!temperature!change!ΔTtcal.!The!latter!is!665 
randomly!drawn!from!a!normal!distribution!set!to!a!mean!of!5!°C!and!1σ!of!1°C.!666 
This!gives!stcal!=!ΔTtcal%/%ΔR[tot]%tcal,!and!thus!the!temperature!time!series!ΔT(t)%=!667 
ΔR[tot](t)%×%stcal,%with!propagation!of!all!uncertainties!in!the!various!ΔR!terms!and!668 
in!ΔTtcal!across!all!Monte\Carlo!instances!(Figure!3b).!The!final!range!of!669 
temperature!uncertainties!(Figure!5b)!spans!the!entire!range!of!proposed,!and!670 
still!debated,!glacial\interglacial!temperature\change!estimates!of!Margo!(2009),!671 
Annan!and!Hargreaves!(2013),!Schmittner!et!al!(2011),!Rohling!et!al!(2012),!672 
Hansen!et!al!(2007),!Köhler!et!al!(2010),!Masson\Delmotte!et!al!(2010),!and!673 
Snyder!(2016).!674 
!675 
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Based!on!the!time\series!ΔR[ff](t),!ΔR[sf](t),!and!ΔT(t),!we!calculate!S[sf](t)!=!ΔT(t)!/!676 
ΔR[sf](t)!as!per!PALAEOSENS!(2012),!as!well!as!S[ff](t)!=!ΔT(t)!/!ΔR[ff](t),!which!is!677 
more!directly!comparable!to!Sa!from!the!actuo\scenario!(Figure!5c).!Comparison!678 
between!S[sf](t)!and!S[ff](t)!highlights!the!controls!on!their!similarities!and!679 
differences.!Note!that!calculating!S[ff](t)!is!possible!in!this!simple!scenario,!but!680 
not!in!real!palaeodata!studies.!There!also!is!a!complication,!in!that!part!of!ΔR[sf]!681 
consists!of!ΔR[VG],!which!is!still!poorly!understood!in!real!palaeodata!studies.!682 
Hence,!most!of!such!studies!use!a!pragmatic!approximation!of!ΔR[sf],!which!is!just!683 
ΔR[GHG]!+!ΔR[LI].!Here!we!determine!both!versions,!one!with!and!one!without!684 
ΔR[VG],!to!illustrate!how!this!limitation!affects!results.!685 
!686 
Results!for!S[sf](t)!and!S[ff](t)!only!begin!to!fully!converge!at!around!t!=!5000!y!687 
(Figure!5c).!This!results!from!a!predominance!of!the!fast!feedbacks!on!short!688 
timescales,!and!increased!relative!importance!of!slow!feedbacks!on!longer!689 
timescales.!We!read!estimates!for!equilibrium!palaeo\climate!sensitivity%690 
parameter!S[sf]!as!the!average!of!values!between!t!=!8000!and!t!=!10,000!years.!691 
Histograms!are!shown!in!Figure!6.!The!exact!convergence!between!S[sf](t)!and!692 
S[ff](t)%in!the!scenario!with!ΔR[sf]!=!ΔR[GHG]!+!ΔR[LI]!+%ΔR[VG]!results!from!the!693 
PALAEOSENS!(2012)!argument!that!ΔR[ff]!approximates!ΔR[sf].!However,!Figures!694 
5c!and!6!show!that!the!common!pragmatic!limitation!of!ΔR[sf]!=!ΔR[GHG]!+!ΔR[LI]!695 
(without!ΔR[VG])!will!overestimate!long\term!values!for!S[sf](t).!!696 

4.#Discussion#697 

4.1.)Comparison)between)Sa)and)S[sf])698 
It!stands!out!strongly!from!Figure!3!for!the!actuo\scenario!that!any!reported!Sa!699 
value!needs!to!be!carefully!referenced!to!the!processes!that!are!included.!700 
Commonly,!this!is!done!using!a!rather!arbitrary!timescale!of!100!years,!which!is!701 
then!considered!to!give!the!equilibrium!climate!sensitivity!that!includes!all!fast!702 
processes!and!surface!ocean!warming,!but!excludes!slow!processes!703 
(PALAEOSENS!2012).!It!is!interesting,!however,!to!compare!this!approach!with!704 
models,!where!one!can!check!when!equilibrium!is!reached.!For!example,!Hansen!705 
et!al!(2011)!show!that,!in!the!GISS!ModelE\R,!surface\ocean!equilibration!to!706 
instantaneous!forcing!is!just!60%!complete!after!100!years,!only!reaching!707 
~100%!after!as!much!as!2000!years!(their!Figure!3).!In!addition,!in!runs!longer!708 
than!100!years!in!most!models,!the!relationship!between!energy!imbalance!and!709 
temperature!change!that!is!used!to!extrapolate!ECS!(the!so\called!Gregory!710 
method;!Gregory!et!al!2004)!breaks!down!from!an!assumed!linear!relationship!to!711 
a!non\linear!one!(Bloch\Johnson!et!al!2015,!Rugenstein!et!al!2016).!In!addition,!712 
as!mentioned!earlier,!any!comparison!of!our!number!for!Sa!with!GCM\based!ECS!713 
estimates!is!complicated!by!the!fact!that!model!simulations!typically!start!with!a!714 
perturbation!of!CO2,!but!omit!the!observed!negative!radiative!impacts!from!715 
anthropogenic!aerosol/land!surface!changes!(Figure!2),!which!act!to!reduce!the!716 
temperature!rise.!717 

Clearly,!even!our!simple!scenario!does!not!neatly!separate!processes!in!time.!718 
Uncertainties!in!the!various!processes’!timescales,!and!potential!operation!of!719 
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ΔR[CFB]!on!similar!timescales!to!δ[SO],!make!climate!sensitivity!a!moving!target!720 
through!time!(Figure!3).!For!the!example!set!up!here,!t!=!200!years!seems!more!721 
suitable!for!determining!Sa!because!all!included!responses!(fast!feedbacks)!have!722 
completed!(although!this!is!not!fully!the!case!in!the!more!realistic!model!of!723 
Hansen!et!al!2011).!However,!even!in!our!simple!scenario,!“t!=!200!y”!does!not!724 
provide!a!clear\cut!criterion!because!the!estimate!then!includes!ΔR[CFB],!which!725 
then!should!be!corrected!for!to!match!the!definition!of!equilibrium!climate!726 
sensitivity!(Figures!3c!and!4).!And!in!reality,!there!will!be!further!carbon\cycle!727 
processes!causing!similar!issues,!as!discussed!in!section!3.1.!So,!while!exact!728 
definitions!of!included!processes,!and!better!determination!of!the!timescales!of!729 
the!different!contributing!response!functions,!are!needed!to!obtain!Sa!estimates!730 
that!are!as!precise!as!possible!(and!as!comparable!between!studies!as!possible),!731 
it!is!not!obvious!that!such!a!level!of!distinction!will!always!be!possible!in!a!732 
natural!system.!!733 
!734 
Figure!3c!also!shows!that,!if!an!arbitrarily!selected!cut\off!time!for!Sa!assessment!735 
causes!partial!inclusion!of!ongoing!slow!processes!(e.g.,!surface!ocean!warming),!736 
then!this!may!cause!extended!tails!to!the!probability!distribution!function!(pdf)!737 
of!the!climate!sensitivity!estimate.!Especially!if!this!pdf!were!made!by!collating!738 
information!from!different!climate!models,!each!with!different!representations!of!739 
the!myriad!processes!and!their!timescales,!then!the!combined!pdf!may!become!740 
very!broad.!A!narrower!combined!pdf!might!be!obtained!by!identifying!the!741 
contributions!of!each!process!to!climate!sensitivity!in!each!model,!and!to!then!742 
compare!results!not!at!a!certain!time\step,!but!instead!at!a!certain!well\defined!743 
point!that!is!based!on!exactly!which!processes!are!included!and!which!are!not.!744 
This!point!may!occur!at!different!time\steps!in!different!models.!This!would!be!a!745 
more!process\oriented!manner!of!comparing!between!models!than!a!simple!746 
comparison!between!their!results!at!an!arbitrarily!selected!moment!in!time,!747 
where!different!processes!contribute!to!different!degrees!in!different!models.!748 
Also!note!that!our!use!of!uniform!distributions!for!the!various!parameter!749 
uncertainties!limits!the!potential!skew!and!the!potential!for!long!tails!in!the!750 
calculated!final!pdfs!(Figure!3),!relative!to!results!based!on!ratios!between!of!751 
gaussian\shaped!pdfs!for!ΔT!and!ΔR!(Köhler!et!al!2010).!We!consider!our!752 
approach!justified!by!the!fact!that!most!uncertainties!concern!not!random!error!753 
around!mean!estimates,!but!ranges!of!potential!systematic!(e.g.,!state!dependent)!754 
shifts!of!the!means!for!many!feedback!efficacies.!In!reality,!the!uncertainty!755 
ranges!may!be!more!complicated,!combining!both!systematic!and!random!756 
components.!757 
!758 
Now!we!get!to!the!critical!question!about!which!process\based!definitions!would!759 
be!needed!for!best!comparison!of!Sa!from!actuo\studies!with!S[sf]!in!palaeo\760 
studies.!One!issue!concerns!the!aforementioned!impacts!of!relatively!fast!carbon\761 
cycle!feedbacks!(ΔR[CFB],!and!similar!additional!ones!in!reality;!see!section!3.1)!on!762 
how!Sa!is!estimated!in!actuo\studies.!In!addition,!Figures!5c!and!6!illustrate!how!763 
a!lack!of!explicit!accounting!for!ΔR[VG]!in!the!most!commonly!used!specific!764 
palaeo\climate!sensitivity!term!(S[GHG,LI])!risks!a!considerable!overestimate!of!the!765 
inferred!climate!sensitivity!value!(almost!20%!in!our!simple!scenario),!making!it!766 
an!inaccurate!approximation!of!S[ff],!and!therefore!Sa.!This!clearly!illustrates!why!767 
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resolving!vegetation\albedo!impacts!on!the!radiative!balance!of!climate!needs!768 
priority!in!data\based!reconstructions!of!palaeo\climate!sensitivity.!769 
!770 
Next,!Figure!5c!suggests!that!–!regardless!of!the!definition!used!–!pushing!771 
palaeo\climate!sensitivity!reconstructions!from!time\series!of!palaeodata!to!772 
temporal!resolutions!of!less!than!5000!years!may!result!in!overestimates!of!773 
palaeo\climate!sensitivity,!because!of!transient!behaviour!in!the!solution.!This!774 
suggests!that!palaeo\climate!sensitivity!reconstructions!through,!for!example,!775 
North!Atlantic!Heinrich!events!or!the!Younger!Dryas!may!yield!unstable!results,!776 
with!potential!anomalies!to!high!values.!Yet!it!may!be!instructive!to!carefully!777 
reconstruct!time\series!of!palaeo\climate!sensitivity!in!high!temporal!778 
resolutions,!to!see!if!such!transient!anomalies!are!actually!found!and!when/how!779 
they!settle!toward!equilibrium!values.!Accurate!reconstruction!of!global!mean!780 
temperature!changes!will!be!vital!to!such!assessments,!since!a!large!component!781 
of!the!temperature!swings!through!such!events!may!concern!energy!re\782 
distribution!around!the!globe!(Stocker!1998),!rather!than!global!mean!change.!783 
If/when!transient!behaviour!of!palaeoclimate!sensitivity!could!be!thus!784 
established,!then!this!might!uncover!interesting!clues!about!the!critical!real\785 
world!processes!involved,!and!their!timescales.!786 
!787 
Finally,!palaeoclimate!studies!can!only!measure!the!full!temperature!response,!788 
which!includes!the!delayed!ocean!responses!δ[SO]!and!(part!or!all!of)!δ[DO].!For!a!789 
sound!like\with\like!comparison,!a!truly!equilibrated!actuo\scenario!should!790 
therefore!include!these!as!well.!We!saw!already!that!inclusion!of!δ[SO]!brings!a!791 
conflict!with!potential!contributions!of!ΔR[CFB]!in!the!actuo\scenario!(Figure!3).!In!792 
time\series\based!palaeoclimate!studies,!individual!carbon\cycle!components!793 
cannot!be!distinguished,!so!the!best!comparison!between!Sa!from!actuo\studies!794 
and%palaeo\S[sf]!estimates!would!require!exclusion!of!any!ΔR[CFB]%influences!795 
(and/or!similar!carbon\cycle!changes;!see!section!3.1)!from!the!Sa!estimate.!The!796 
situation!is!worse!with!respect!to!the!slow!δ[DO].!Including!this!in!an!Sa!estimate!797 
from!actuo\studies!would!require!consideration!over!thousands!of!years,!by!798 
which!time!carbonate!compensation,!continental!land\ice!influences,!and!long\799 
term!vegetation!adjustments!would!have!become!important!players!in!the!800 
temperature!developments!as!well!(Figure!3).!Also,!inclusion!of!δ[DO]!would!801 
increase!the!timescale!of!evaluation!to!a!few!thousand!years,!rather!than!a!802 
century!or!two!into!the!future,!which!reduces!the!apparent!relevance!to!society.!803 
For!pragmatic!reasons,!Sa!is!defined!to!include!ΔR[T2],!ΔR[SSI],!ΔR[AE],!and!δ[SO],!and!804 
it!is!inevitable!that!this!imposes!some!limitations!to!precise!comparability!with!805 
palaeoclimate\based!S[sf]!estimates.!806 

4.2.)Dependence)of)palaeoclimate)sensitivity)on)feedback)efficacy)changes)807 
Efficacies!of!the!various!processes!(in!essence,!their!contributing!amplitudes)!are!808 
reasonably!understood!for!the!present!day,!where!there!are!many!observations!809 
to!constrain!the!inferred!ranges!of!variation.!But,!as!we!transition!into!a!much!810 
warmer!world,!the!potential!for!efficacy!changes!in!key!feedbacks!cannot!be!811 
excluded!and!must!be!considered.!For!example,!the!efficacy!of!the!snow!and!ice!812 
albedos!may!change!as!latitudinal!distributions!of!snow!and!ice!change,!affecting!813 
the!amount!of!(latitude\dependent)!insolation!reflection!per!unit!area,!while!814 
efficacies!of!the!fast!water\vapour!and!cloud!feedbacks!may!also!change!with!815 
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background!temperature!(e.g.,!von!der!Heydt!et!al!2014,!2016,!Köhler!et!al!816 
2015).!The!uncertainty!ranges!allowed!in!the!actuo\scenario!yield!wide!tails!in!817 
the!climate!sensitivity!distributions,!especially!at!the!high!end!(Figures!3!and!4).!818 
A!possible!approach!to!constrain!the!width!of!the!tails!would!be!by!performing!819 
large!ensembles!of!runs!over!wide!parameter!spaces!with!a!more!representative!820 
climate!model!over!the!historical!period,!excluding!runs!that!do!not!agree!with!821 
historical!time\series!of!climate!data,!and!then!determining!climate!sensitivity!822 
from!the!remaining!runs.!!823 
!824 
As!is,!our!simple!actuo\scenario’s!estimates!for!Sa!are!reached!after!about!200!825 
years,!and!range!over!a!95%!probability!envelope!of!0.8!to!1.6!K/(Wm–2)!around!826 
a!median!value!of!1.1!K/(Wm–2)!for!the!case!that!doesn’t!explicitly!account!for!827 
ΔR[CFB],!and!!0.7!to!1.4!K/(Wm–2)!around!a!median!of!1.0!K/(Wm–2)!for!the!case!828 
that!does!explicitly!account!for!ΔR[CFB].!The!“equilibrium”!value!therefore!is!about!829 
1.5!times!the!scenario’s!“transient”!climate!sensitivity!value!before!δ[SO]!830 
involvement,!which!has!a!95%!range!of!0.5!to!0.9!K/(Wm–2)!around!a!median!of!831 
0.7!K/(Wm–2)!(blue!bar!in!Figure!3a,c).!!832 
!833 
Our!actuo\scenario’s!peak!values,!which!mark!the!time!when!slow!feedbacks!834 
have!also!made!their!maximum!contribution!(Smax),!have!a!95%!probability!835 
range!of!1.0!to!2.3!K/(Wm–2)!around!a!median!value!of!1.5!K/(Wm–2)!for!the!case!836 
that!doesn’t!explicitly!account!for!ΔR[CFB],!and!1.0!to!2.1!K/(Wm–2)!around!a!837 
median!of!1.4!K/(Wm–2)!for!the!case!that!does!explicitly!account!for!ΔR[CFB].!838 
These!values!are!achieved!after!about!1000!years,!and!indicate!a!level!of!about!839 
2×!the!scenario’s!“transient”!climate!sensitivity!value.!!840 
!841 
For!the!palaeo\scenario,!efficacies!are!notably!less!constrained,!and!may!depend!842 
considerably!on!the!background!climate!state!(Köhler!et!al!2015,!Friedrich!et!al!843 
2016,!von!der!Heydt!et!al!2016).!Our!scenarios,!using!either!S[GHG,LI,VG]!or!S[GHG,LI],!844 
include!the!cumulative!impacts!of!efficacy!variations!in!all!feedbacks!over!±50%!845 
ranges!(uniformly!distributed)!(Figures!5c!and!6).!For!S[GHG,LI,VG],!we!find!an!846 
“equilibrium”!95%!probability!range!of!0.4!to!1.3!K/(Wm–2)!around!a!median!of!847 
0.8!K/(Wm–2).!For!the!more!common!approximation!in!palaeo\studies,!S[GHG,LI],!848 
we!find!an!“equilibrium”!95%!probability!range!of!0.5!to!1.6!K/(Wm–2)!around!a!849 
median!of!0.9!K/(Wm–2)!(Figures!5c!and!6).!The!latter!estimate!is!the!most!useful!850 
one!for!comparison!with!published!equilibrium!palaeoclimate!sensitivity!851 
estimates,!since!those!typically!were!not!corrected!for!ΔR[VG]!either.!!852 
!853 
With!total!95%!bounds!of!0.4\1.6!K/(Wm–2),!our!assessments!for!S[GHG,LI]!and!854 
S[GHG,LI,!VG]!closely!approximate!the!95%!bounds!of!0.3\1.9!K/(Wm–2)!for!similarly!855 
defined,!observation\based!estimates!for!the!last!65!million!years!(PALAEOSENS!856 
2012)!(Figure!6).!We!infer,!in!agreement!with!Köhler!et!al!(2015),!that!the!wide!857 
range!of!PALAEOSENS!(2012)!likely!results!from!integration!of!observations!858 
across!a!range!of!state\dependent!palaeo\climate!sensitivity!values!through!time.!859 
This!is!an!important!point:!it!would!seem!that!the!width!of!previously!860 
reconstructed!palaeo\climate!sensitivity!distributions!is!not!so!much!a!function!861 
of!random!(proxy\based)!measurement!uncertainties,!but!instead!is!primarily!862 
driven!by!integration!of!numerous,!hitherto!unrecognised,!narrower!state\863 
dependent!distributions.!Given!that!the!width!of!our!simple!scenario’s!range!864 
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agrees!well!with!that!found!from!observations,!we!tentatively!infer!that!overall!865 
efficacy!changes!through!time!likely!remained!within!roughly!±50%.!!866 
!867 
Finally,!we!compare!results!between!Figures!4!and!6.!At!0.7\1.6!K/(Wm–2)!868 
around!a!median!of!1.0!to!1.1!K/(Wm–2),!Sa!from!our!actuo\scenario!appears!869 
slightly!higher!than!S[sf]!from!the!palaeo\scenario,!at!0.4\1.6!K/(Wm–2)!around!a!870 
median!of!0.8!to!0.9!K/(Wm–2).!However,!this!slight!offset!likely!results!from!871 
differences!in!the!way!the!calculations!have!been!constrained!between!the!872 
scenarios.!With!respect!to!the!distribution!width!difference,!we!see!potential!for!873 
palaeo\studies!to!provide!S[sf]!distributions!that!portray!real!total!climate\system!874 
responses!that!represent!real\world!realisations!of!climate!change,!and!for!875 
careful!work!(especially!with!respect!to!chronological!relationships!between!876 
time\series!of!data)!to!eventually!deconvolve!the!overall!probability!877 
distributions!into!narrower!ones!that!account!for!climate\state!dependence.!878 
Thus,!palaeodata!studies!may!provide!key!templates!(“prior”!distributions)!for!879 
exercises!to!select!best\matching!subsets!from!model!mega\ensemble!880 
assessments!of!future!climate!developments.!881 
!882 
Finally,!we!consider!the!question!of!how!to!tease!out!state!dependence!from!883 
palaeodata!using!very!carefully!designed!experiments!(Figure!5).!It!cannot!be!884 
excluded!that!this!will!be!possible,!but!the!apparent!size!of!the!95%!probability!885 
envelope!to!individual!scenarios!suggests!that!estimates!for!different!climate!886 
states!are!likely!to!overlap,!except!in!extremely!contrasting!cases.!!887 

4.3.)Comparison)with)other)approaches)888 
While!the!above!conceptual!framework!is!different!in!its!focus!on!the!time\889 
domain,!it!follows!the!general!principles!laid!out!before!in!PALAEOSENS!(2012)!890 
and!further!explored!in!Royer!(2016).!Yet!the!framework’s!focus!on!radiative!891 
forcing!anomalies!to!calculate!temperature!change!and!climate!sensitivity!may!892 
be!less!familiar!to!climate!modellers.!Therefore,!we!here!assess!the!implications!893 
of!a!focus!on!the!time\domain!in!a!framework!of!feedback!analysis.!!894 
!895 
Classically,!a!perturbation!of!the!radiative!forcing!ΔRF,!for!example!by!an!896 
instantaneous!doubling!of!atmospheric!CO2!concentrations,!leads!to!a!897 
temperature!anomaly!ΔT(t)!=!–ΔRF/Σλi(t),!where!the!sum!of!feedback!parameters!898 
consists!of!the!Planck!feedback!(λP!=!!\3.2!Wm–2K–1)!responsible!for!a!rise!in!the!899 
outgoing!long\wave!radiation!(OLW),!the!sum!of!all!other!fast!feedbacks!(λotherGff,!900 
for!surface!albedo,!water!vapour,!lapse!rate,!and!clouds)!and!contributions!from!901 
ocean!heat!uptake!efficiency!(κ)!to!the!surface!and!deep!ocean.!The!latter!are!in!902 
the!classical!framework!(Dufresne!&!Bony!2008)!not!called!feedbacks,!but!still!903 
can!be!calculated!as!such.!In!our!example!demonstration!of!how!this!framework!904 
works!(Figure!7),!these!feedbacks!are!parameterised!based!on!multi\model!905 
results!from!CMIP3!(Dufresne!&!Bony!2008).!Although!newer!(CMIP5)!results!906 
have!been!published!(Vial!et!al!2013),!these!include!forcing!adjustment,!which!907 
we!prefer!to!ignore!here!because!it!complicates!the!system!and!might!be!908 
negligible!in!the!palaeo\framework.!!909 
!910 
We!thus!end!up!with!a!time\dependent!term!for!λotherGff!!=!+1.9!Wm–2K–1,!which!is!911 
modulated!with!signal\development!similar!as!given!in!Equation!(2)!to!obtain!912 
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full!amplitude!with!τ%=!10!years.!The!pure!Planck!feedback!then!leads!to!a!913 
temperature!rise!of!about!1!K!after!the!initial!year!and!together!with!theses!fast!914 
feedbacks!to!about!2!K!after!a!decade,!in!agreement!with!recent!estimates!of!the!915 
transient!climate!sensitivity!(Storelvmo!et!al!2016).!Adding!the!ocean!heat!916 
uptake!efficiency!to!the!surface!ocean!(κ1!or!λSO!=!–0.67!Wm–2K–1!with!τ!=!100!917 
years)!then!leads!to!a!temperature!rise!of!3!K!after!a!century,!and!to!a!rise!in!the!918 
time\dependent!specific!climate!sensitivity!S(t)=!ΔT/ΔRF!from!0.52!K/(Wm–2)!919 
after!a!decade!to!0.79!K/(Wm–2)!after!a!century,!in!agreement!with!the!estimate!920 
of!ECS!in!CMIP3.!Taken!furthermore!into!account!that!model!simulations!921 
underlying!the!classical!calculations!of!ECS!are!not!in!full!equilibrium!(Gregory!et!922 
al!2004,!Hansen!et!al!2011,!Bloch\Johnson!et!al!2015,!Rugenstein!et!al!2016),!one!923 
might!define!deep!ocean!heat!uptake!efficiency!as!another!feedback!parameter!924 
(κ2!or!λDO!=!0.5!Wm–2K–1!with!τ%=!2000!year)!that!leads!to!a!further!temperature!925 
rise!to!a!ΔT!of!up!to!5!K!on!a!multi\millennial!timescale.!!926 
!927 
Similar!to!this!2xCO2!example,!one!might!translate!the!radiative!forcing!928 
anomalies!for!our!actuo\!and!palaeo\scenarios!(as!summarised!in!Tables!1!and!2)!929 
into!a!framework!of!feedback!analysis.!This!would!yield!figures!similar!to!Figure!930 
7,!but!no!new!insights!with!respect!to!the!time\dependence!of!S,!and!therefore!is!931 
not!further!evaluated!here.!932 

5.#Summary#points#and#future#issues#933 
We!analyse!and!compare!approaches!for!determining!climate!sensitivity!in!934 
studies!of!modern/future!(“actuo”)!and!past!(“palaeo”)!climate,!using!graphical!935 
illustrations!based!on!highly!idealised!scenarios.!This!reveals!problems!with!936 
determining!a!unique!value!for!equilibrium!climate!sensitivity!in!both!actuo!and!937 
palaeo!scenarios,!since!the!processes!involved!are!not!strictly!separated!in!time,!938 
and/or!are!insufficiently!understood!for!a!sound!quantification.!In!addition,!939 
there!are!issues!with!understanding!the!efficacies!of!the!dominant!processes!940 
(particularly!for!the!palaeo),!which!likely!underpin!state!dependence!of!climate!941 
sensitivity!and!the!length!of!the!“tails”!of!reconstructed!climate!sensitivity!942 
probability!density!functions.!The!analysis!presented!here!suggests!that!the!943 
width!of!previously!reconstructed!palaeo\climate!sensitivity!distributions!likely!944 
reflects!the!integration!of!numerous!state\dependent!distributions.!!945 
!946 
We!identify!several!key!requirements!for!advancing!the!debate.!These!are:!(1)!947 
that!precise!chronological!control!is!needed!when!comparing!different!proxy!948 
records!of!global!temperature!changes!and!forcings/feedbacks;!(2)!that!new!949 
approaches/strategies!to!reconstruct!mean!global!temperature!changes!from!950 
palaeostudies!are!needed,!given!that!even!reconstructions!through!the!LGM!951 
disagree!over!a!wide!range;!(3)!that!model\independent!ways!of!evaluating!the!952 
records!are!needed,!to!avoid!introducing!model\dependent!artefacts!in!the!953 
calculated!climate!sensitivities!(i.e.,!circular!reasoning).!Further,!we!find!954 
continued!need!for:!(4)!refined!understanding!of!how!certain!parameters!(e.g.,!955 
mean!global!temperature,!or!CO2!concentrations)!are!estimated!with!different!956 
proxies!(method!inter\comparison!studies);!(5)!detailed!description!of!957 
assumptions!and!uncertainties,!and!transparent!and!complete!propagation!of!958 
these!into!the!calculated!sensitivity!distributions;!(6)!careful!and!transparent!959 
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definition!of!which!terms!exactly!are!being!compared!between!case!studies;!and!960 
(7)!elaboration!of!high\quality!records!for!the!major!missing!slow!feedback!961 
(vegetation).!!962 
!963 
Finally,!we!infer!that!the!main!focus!in!current!work!concerns!potential!climate!964 
background\state!dependence!of!climate!sensitivity.!Our!analysis!suggests!that!it!965 
will!be!challenging!to!statistically!robustly!confirm!this!using!palaeodata.!No!966 
doubt!this!problem!will!continue!to!receive!a!lot!of!attention!within!the!next!few!967 
years!–!hopefully!innovative!approaches!will!be!developed!to!constrain!this!968 
critical!aspect.!In!our!view,!a!better!understanding!of!feedback!efficacy!changes!969 
through!time!will!be!critical!to!reducing!uncertainties!sufficiently!for!statistical!970 
distinction!of!state\dependence!in!climate!sensitivity.!971 
!972 
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Table*1.*Parameter*values*used*in*the*idealised*actuo@climate*sensitivity*scenario.!!!
Description* Code* Estimated*

duration*for*
full*response*
(τ,*in*y)b*

Full*range*
(ετ;*uniform*
distribution)*
*

Full*amplitude*(h,*in*
Wm–2)a*

Full*range*
(εh;*uniform*
distribution)*
(y)*

Direct!responses,!
incl.!vapour!and!
cloud!feedbacks!

ΔR[T2]% 1! ±!50%! 2.2! ±!10%!

Aerosol!&!land\
surface!feedbacks!

ΔR[AE]% 10! ±!50%! –1.2! ±!50%!

Snow!&!sea\ice!
albedo!feedback!

ΔR[SSI]% 20! ±!50%! 0.4! ±!10%!

Carbon!cycle!
feedbacks!

ΔR[CFB]% 150! ±!50%! 0.05!ΔR[T2]! ±!50%!

Surface!ocean!
temperature!
equilibration!

δ[SO]% 150! ±!50%! 0.55! ±!10%!

Continental!ice!
albedo!feedback!

ΔR[LI]% 750! ±!50%! 3!(10/125)! ±!50%!

Deep!ocean!
temperature!
equilibration!

δ[DO]% 1500! ±!50%! 0.55! ±!10%!

Vegetation!albedo! ΔR[VG]% 500! ±!50%! 0.05!(ΔR[AE]+%ΔR[T2])! ±!50%!

Carbonate!
compensation!

ΔR[CC]% 10,000! ±!50%! –0.5!(ΔR[CFB]+0.5!ΔR[T2])! ±!50%!

Weathering! ΔR[WE]% 200,000! ±!50%! –0.5!(ΔR[CFB]+0.5!ΔR[T2])! ±!50%!
!
a!Values!are!set!in!relation!to!a!total!effective!greenhouse\gas!radiative!forcing!of!3.7!Wm–2!with!
associated!negative!aerosol!and!land\surface!feedback!of!–1.2!Wm–2!(Figure!2,!and!explanation!
in!main!text!section!3.1).!Argumentation!for!the!most!important!amplitude!settings!was!given!
in!the!main!text.!In!addition,!the!impacts!of!carbonate!compensation!and!weathering!are!
arbitrarily!set!in!a!very!simple!manner!to!each!remove!the!forcing!and!immediate!feedbacks!
related!to!half!of!the!carbon!emissions.!!

b!Values!for!most!parameters!are!discussed!in!the!text.!The!105!years!timescale!for!weathering!is!
after!Lord!et!al!(2016).* *
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Table*2.*Parameter*values*used*in*the*idealised*palaeo@climate*sensitivity*scenario.*!
Description* Codea* Estimated*

duration*for*
full*response*
(τ,*in*y)*

Full*range*
(ετ;*uniform*
distribution)*
*

Full*
amplitude*(h,*
in*Wm–2)b*

Full*range*
(εh;*uniform*
distribution)*
*

Initial!carbon!cycle!
(greenhouse\gas)!
feedbacks!

ΔR[GHGi]% τ[GHGi]!=!50% ±!50%! φ!2.5! ±!50%!

Initial!direct!
responses,!incl.!
vapour!and!cloud!
feedbacks!

ΔR[T2i]% τ[GHGi]%+1! ±!0.5!y! φ!3! ±!50%!

Initial!snow!&!sea\
ice!albedo!feedback!

ΔR[SSIi]% τ[GHGi]%+20! ±!10!y! φ!2* ±!50%!

Initial!aerosol!&!
land\surface!
feedbacks!

ΔR[AEi]% τ[GHGi]!+10! ±!5!y! φ!1.5! ±!50%!

Continental!ice!
albedo!feedback!

ΔR[LI]% τ[LI]%=!6000! ±!50%! 3! ±!50%!

Snow!&!sea\ice!
albedo!feedback!

ΔR[SSIr]% τ[LI]%+20! ±!10!y! (1–φ)!2* ±!50%!

Carbon!cycle!
(greenhouse\gas)!
feedbacks!

ΔR[GHGr]% τ[SSI]%+200! ±!100!y! (1–φ)!2.5* ±!50%!

Direct!responses,!
incl.!vapour!and!
cloud!feedbacks!

ΔR[T2r]% τ[GHG]%+1! ±!0.5!y! (1–φ)!3! ±!50%!

Aerosol!&!land\
surface!feedbacks!

ΔR[AEr]% τ[LI]%+10! ±!5!y! (1–φ)!1.5! ±!50%!

Vegetation!albedo! ΔR[VGr]% τ[LI]%+500! ±!250!y! 1! ±!50%!
!
a!Forcing!amplitudes!are!based!on!a!typical!deglaciation!within!the!late!Pleistocene!glacial!cycles!
as!discussed!by!(Köhler!et!al!2010)!and!Rohling!et!al!(2012),!as!outlined!in!main!text!section!
3.2.!Our!scenario!apportions!values!to!fast!feedback!contributions!within!a!total!ΔR[ff]!that!is!
held!proportional!to!the!total!of!slow!feedbacks!contributions,!ΔR[sf],!after!PALAEOSENS!(2012).!
The!radiative!subdivisions!used!for!the!various!fast!feedbacks!is!irrelevant!–!it’s!used!only!for!
illustration.!For!ΔR[GHG],!ΔR[T2],!ΔR[SSI],!and!ΔR[AE],!we!incorporate!a!schematic!representation!of!
an!initial,!rapid!response!to!the!onset!of!deglaciation!(indicated!in!the!code!with!i),!and!a!
second,!remaining!component!(indicated!in!the!code!with!r)!that!is!delayed!as!it!co\evolves!with!
ice\volume!reduction!(see!section!3.2).!!

b!The!proportion!of!the!initial!responses!is!set!by!factor!φ,!which!we!tentatively!determined!at!
0.15!(see!text).!Changing!φ!does!not!materially!change!our!conclusions.!Initial!responses!are!set!
to!start!with!initial!carbon!cycle!responses!within!25!to!75!years!after!the!initial!(orbital!
insolation)!perturbation!(see!text).!Changing!this!does!not!materially!affect!the!conclusions.!
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Figure*1.*Timescales*of*processes*involved*in*climate*sensitivity.*After!
PALAEOSENS!(2012).!
!

!
!
Figure*2.!!Estimated*effective*climate*forcings*for*the*“actuo”@scenario!
(update!through!2015!of!Hansen!et!al!2005).!!Forcings!are!based!on!observations!
of!each!gas,!except!simulated!CH4\induced!changes!of!O3!and!stratospheric!H2O!
included!in!the!CH4!forcing.!!Aerosols!and!surface!albedo!change!are!estimated!
from!historical!scenarios!of!emissions!and!land!use.!!Oscillatory!and!intermittent!
natural!forcings!(solar!irradiance!and!volcanoes)!are!excluded.!!CFCs!include!not!
only!chlorofluorocarbons,!but!all!Montreal!Protocol!Trace!Gases!(MPTGs)!and!
Other!Trace!Gases!(OTGs).!!Uncertainty!(for!5\95%!confidence)!is!0.6!W/m2!for!
total!GHG!forcing!and!0.9!W/m2!for!aerosol!forcing!(Myhre!et!al!2013).!After!
Hansen!et!al!(2016).!
!

! !

Timescale)

Years & &Decades & &Centuries& &Millennia& &Mul12Millennia &&&&&&&//&&&&Myrs&

Clouds,(water(vapour,((
lapse(rate,(snow/sea(ice(

Upper(ocean(

CH4( CH4((major(gas;hydrate(
feedback;(e.g.,(PETM)(

VegetaIon(

Dust/Aerosol( Dust((vegetaIon(mediated)(

EnIre(oceans(

Land(ice(sheets(

Carbon(cycle(

Weathering(

Biological(evoluIon((
of(vegetaIon(types(

Plate(tectonics(



! 31!

Figure*3.*Assessment*of*Sa*in*our*main*scenario.!(a)!Relative!radiative!
contributions!per!process!(medians!shown!only),!and!their!total!sum!along!with!
95%!probability!bounds.!This!follows!the!parameters!outlined!in!Table!1.!The!
number!of!randomly!perturbed!(see!Table!1)!iterations!is!N!=!1000.!Note!that!
ΔR[WE]!shows!as!a!flat!line!at!0!Wm–2!because!it!only!becomes!important!at!t!>!
100,000!y.!To!avoid!clutter,!parameters!are!indicated!in!the!legends!with!names!
of!‘XX’,!in!shorthand!for!‘ΔR[XX].’!(b)!Total!temperature!development!through!
time,!in!relation!to!total!radiative!change!given!in!(c),!with!95%!probability!
bounds.!Blue!bar!indicates!interval!where!“scaling/calibration”!was!determined!
(see!text).!(c)!Calculated!S(t)!with!95%!probability!bounds.!For!comparison,!
results!are!shown!for!two!cases:!one!including!carbon\cycle!feedback!(ΔR[CFB])!
influences!(blue);!and!one!excluding!these!influences!(red).!Arrow!demarcates!
where!Sa!is!measured,!and!the!bracket!show!the!interval!where!the!Smax!estimate!
is!taken,!as!discussed!in!the!text.!
!

!
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!
Figure*4.*Histograms*for*“actuo@scenario.”*The!various!curves!are!determined!
at!t!=!200!y!for!Sa!and!as!the!average!of!1000!≤!t!≤!3000!y!for!Smax,!as!indicated!in!
Figure!3c!and!described!in!section!3.1.!
!
!
!

* *
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Figure*5.*Assessment*of*S[sf]*in*our*main*palaeoscenario.!(a)!Relative!
radiative!contributions!per!process!(medians!shown!only),!and!their!total!sum!
along!with!95%!probability!bounds.!This!follows!the!parameters!outlined!in!
Table!2.!The!number!of!randomly!perturbed!(see!Table!2)!iterations!is!N!=!1000.!
To!avoid!clutter,!parameters!are!indicated!in!the!legends!with!names!of!‘XX’,!in!
shorthand!for!‘ΔR[XX]’.!(b)!Total!temperature!development!through!time,!in!
relation!to!total!radiative!change!given!in!(c),!with!95%!probability!bounds.!Blue!
bar!indicates!interval!where!“scaling/calibration”!was!determined!(see!text).!(c)!
Calculated!palaeoclimate!sensitivity!with!95%!probability!bounds,!for!different!
definitions!as!discussed!in!the!text.!
!

!
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Figure*6.*Histograms*for*the*palaeo@scenario.*The!various!curves!are!
determined!as!the!averages!of!8000!≤!t!≤!10,000!y,!as!indicated!in!Figure!5c!and!
described!in!section!3.2.!The!grey!shading!represents!a!scaled!version!of!the!
distribution!from!PALAEOSENS!(2012;!their!Figure!3c).!
!
!

*
*
*
* *
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Figure*7.*Analysing*the*classical*2xCO2*experiment*in*a*feedback*analysis*
framework.!An!initial!perturbation!in!the!radiative!forcing!ΔRF!leads!without!
any!further!feedbacks!to!the!Planck!response!(change!in!outgoing!long\wave!
radiation,!OLW),!which!are!enhanced!by!further!time\dependent!feedback!terms!
λi(t).!
!
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